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ABSTRACT
A s t u d y  was  made t o  d e t e r m i n e  t h e  e f f e c t  o f  p r e s s u r e  on a. n um ber  
o f  inorganic compounds  i n  o r d e r  t o  d e t e r m i n e  t h e  p o s s i b i l i t y ,  o f ' i n d u c i n g  
d e h y d r a t i o n ,  . a n d / o r  , new p h a s e  t r a n s f o r m a t i o n s ,  and  f i t t i n g  c o m p r e s s i b i ­
l i t y  d a t a  t o  a  r e c e n t l y  d e v e l o p e d  e q u a t i o n  o f  s t a t e  f o r  p l a s t i c s .
The a p p l i c a t i o n  o f  h i g h  p r e s s u r e  d e h y d r a t e d  
Ca(CNS)2 ‘ iHi20 a t  0 . 5  k i l o b a r s ,
ThCl^'QHgO o v e r  t h e  r a n g e  2 . 2  t o  k . 6  k i l o b a r s ,
Z r ( S 0 ^ )  -IfflgO o v e r  a  b r o a d  r a n g e  o f  p r e s s u r e ,
Zn(sOj+) ‘ THgO a t  ^-*6 k i l o b a r s ,  an d  
Na SO *7Ho0 a t  8 . 9  k i l o b a r s .
There also resulted new reversible phase transitions in
Na2S2° 5 a t  k i ^o b a r s ;
MgSg0^“6H20 at 7 . 7 kilobars,
ZnS0^*6H20 at 2 . 2 kilobars, and 16 .2 kilobars,
K2 (mo0^)*5H20 at 10 .5 kilobars,
BeSO^'^HgO a t  10 .5  k i l o b a r s ,
Zr0Cl2 *8H2 at 5 -6 kilobars"
Mg(CNS)2 ‘^H20 a t  5 *8  k i l o b a r s ,
T h ( S 0 ^ ) 2 *8Hg0 a t  9 . 8  k i l o b a r s ,  and  
ZnSO^•7Hg0 a t  2 . 1  k i l o b a r s .
The e x p r e s s i o n  -  AV/Vq' = m + n l n  P was f o u n d  t o  f i t  t h e  77 °F  
c o m p r e s s i b i l i t y  d a t a  o f  t h e  f o l l o w i n g  compounds  up t o  2 2 . 6  k i l o b a r s  w i t h i n
i i
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a  c o n f i d e n c e  l e v e l  o f  n i n e t y - n i n e  p e r c e n t .
Na2S2°3 BaS2 °3 'H2° Ce(N05) 5 -6H20
5K2S203 ‘H2°  Na2S°3 (NH1|) 2Mn(s01^ )2 -6H20
PbSgO^ ZnSO^ (NH1| ) 2Co(SO)+) 2 -6H20
(NHlf) 2S20 5 T h C l^  (NH^)2C r ( S 0 ^ ) 2 .12H20
i i i
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CHAPTER I
INTRODUCTION
One o f  t h e  s i m p l e s t  ways  o f  p u r i f y i n g  a  compound i s  t o  r e -  
c r y s t a l l i z e  i t  f r o m  a  s u i t a b l e  s o l v e n t .  The c r y s t a l s  s e p a r a t i n g  f r o m  
t h e  s o l u t i o n  may c o n s i s t ;  o f  t h e  p u r e  compound o r  t h e y  may c o n t a i n  a 
s o l v e n t  o f  c r y s t a l l i z a t i o n . ’ F o r  m o s t  s a l t s  w a t e r  i s  a  c o n v e n i e n t  s o l ­
vent s o  . t h a t  x r y s t a l s  c o n t a i n i n g  w a t e r  ( h y d r a t e s )  h a v e  b e e n  known f r o m  
t h e  e a r l i e s t  d a y s  o f  c h e m i s t r y .  As a  m a t t e r  o f  f a c t  many i n o r g a n i c  
compounds are obtained n a tu ra lly ,a s  hydrates and th is  i s  one reason why 
a  g r e a t  i n t e r e s t  i s  b e i n g  shown i n  them .
L i t t l e  i s  known a b o u t  t h e  t e m p e r a t u r e  b e h a v i o r  ( u n d e r  a t m o s ­
p h e r i c  c o n d i t i o n s )  o f  t h e  c r y s t a l l i n e  i n o r g a n i c  compounds  r e p o r t e d  h e r e .
What  h a p p e n s  t o  t h e m  when t h e y  a r e  s u b j e c t e d  t o  v e r y  h i g h  p r e s s u r e  i s
a l m o s t  c o m p l e t e l y  unk now n.  The s t u d y  o f  h y d r a t e s  u n d e r  p r e s s u r e  h a s  
a s s u m e d  i m p o r t a n c e  b e c a u s e  o f  t h e  l i g h t  i t  c a n  t h r o w  on c e r t a i n  g e o l o g i c a l  
phen om en a t h a t  m i g h t  h a v e  b e e n  r e s p o n s i b l e  f o r  m a k in g  o u r  e a r t h  w h a t  i t  i s  
t o d a y .
The o b j e c t  o f  t h i s  p r o j e c t  was t o  make a  p r e l i m i n a r y  d e t e r ­
m i n a t i o n  o f  p r e s s u r e s  a t  w h i c h  t h e s e  compounds  may l o s e  t h e i r  w a t e r ,  
t o  a s c e r t a i n  new p r e s s u r e  i n d u c e d  p h a s e  t r a n s i t i o n s  i n  t h e s e  h y d r a t e s  
an d  t o  a p p l y  a n  e q u a t i o n  o f  s t a t e  r e c e n t l y  d e v e l o p e d  f o r  p l a s t i c s .
1
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CHAPTER I I  
LITERATURE REVIEW
A. D e h y d r a t i o n
A r e v i e w  o f  l i t e r a t u r e  i n  a n y  f i e l d  o f  h i g h  p r e s s u r e  w ork  m u s t  
b e g i n  w i t h  P .W.  B r i d g m a n ' s  c o n t r i b u t i o n .  T h i s  f i e l d  i s  no  e x c e p t i o n .
L a r s e n  an d  B r i d g m a n  ( b  ) w e re  t h e  f i r s t  t o  i n v e s t i g a t e  t h e  d e h y d r a t i o n  
o r  i n o r g a n i c  compounds  a s  a  r e s u l t  o f  h i g h  p r e s s u r e .  T h e i r  w o rk  was  c o n ­
f i n e d  t o  c e r t a i n  s e l e c t e d  minerals and m i x t u r e s  an d  t h e  a t t e m p t  was  n o t  p r i ­
m a r i l y  d i r e c t e d  t o w a r d s  s t u d y  o f  d e h y d r a t i o n  b u t  t o w a r d s  f o r m a t i o n  o f  w h a t  
B r i d g m a n  c a l l e d  " s t r e s s  m i n e r a l s " .  M o re o v e r  t h e  s t r e s s  a p p l i e d  was  n o t  
purely compressive but an in ten t io n a l  combination o f  compression and shear. 
I n  f a c t  B r id g m an  c a l l e d  t h e  c o m p r e s s i v e  p r e s s u r e  t h e  " c o n f i n i n g  p r e s s u r e "  
a n d  w e n t  on t o  s a y  t h a t  t h e  s t u d y  was done b e c a u s e  o f  a  s u s p i c i o n  t h a t  
s h e a r  a c t i o n  h a s t e n s  r e a c t i o n s  t h a t  p r o c e e d  e x t r e m e l y  s l o w l y  a t  room 
t e m p e r a t u r e .  O p a l  was  d e h y d r a t e d  t o  q u a r t z  an d  gypsum t o  a n h y d r o u s  c a l ­
c iu m  s u l p h a t e  i n  B r i d g m a n ' s  s t u d y  u s i n g  a  " p i s t o n  and  a n v i l "  a p p a r a t u s .  
Kiyama an d  Y a n a g i m o t o  ( l b )  r e p r o d u c e d  B r i d g m a n ' s  w ork  on d e h y d r a t i o n  o f  
gypsum t o  a  s o l u b l e  a n h y d r i t e  u n d e r  s i m i l a r  c o n d i t i o n s .  Kiyama and Y a n a ­
g i m o t o  l a t e r  o b t a i n e d  t h e  same c h a n g e  w i t h o u t  any  d e l i b e r a t e  s h e a r  a c t i o n  
a t  a  c o m p a c t i n g  p r e s s u r e  o f  5>000 a t m o s p h e r e s  co m p a red  t o  B r i d g m a n ' s  c o n ­
f i n i n g  p r e s s u r e  o f  5 0 , 0 0 0  a t m o s p h e r e s .  Kiyama and Y a n a g i m o t o  (l l+) s u c c e s s ­
f u l l y  d e h y d r a t e d  CuSO ^^ H^O  u n d e r  a  p r e s s u r e  o f  ^+,500 a t m o s p h e r e s  a t  
room t e m p e r a t u r e .  D e h y d r a t i o n  o f  CuSO^^HgO i s  a  c o n t r o v e r s i a l  m a t t e r .
H. D a v i d  an d  S .  Hamman ( 8 ) t r i e d  t o  d u p l i c a t e  t h e  d e h y d r a t i o n  and c o u l d  
n o t ^  e v e n  a t  p r e s s u r e s  a s .  h i g h  a s  30 ,0 0 0  a t m o s p h e r e s .  I t  i s  n o t
2
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5known w h a t  k i n d  o f  a p p a r a t u s  D a v i d  and Hamman u s e d .  The a u t h o r  a t t e m p t e d  
t h e  CuSO^^HgO d e h y d r a t i o n  (up t o  k i l o b a r s )  w i t h o u t  any  p o s i t i v e  r e s u l t .  
The d e h y d r a t i o n  o f  gypsum a t  5*2 k i l o b a r s  was o b s e r v e d  h o w e v e r .
L e v s h i s t s ,  G e n s h a f t  e t  a l  ( 1 5 )  e x a m i n e d  t h e  p r e s s u r e  d e h y d r a t i o n  
o f  MgSO^’ YHgO by  a  m e t h o d  v e r y  s i m i l a r  t o  t h e  one  u s e d  i n  t h e  p r e s e n t  w o r k .
I t  was a  p r e l i m i n a r y  s t u d y  an d  a  c o n f i r m a t i o n  o f  d e h y d r a t i o n  b y  X - r a y  a n a ­
l y s i s  was p o s t p o n e d  f o r  some f u t u r e  d a t e .  To d a t e  t h i s  h a s  n o t  b e e n  
r e p o r t e d .
I n  a d d i t i o n  t o  i n o r g a n i c  h y d r a t e s ,  o r g a n i c  compounds  h a v e  a l s o  
b e e n  s u b j e c t e d  t o  p r e s s u r e  t o  s e e  i f  d e h y d r a t i o n  c a n  be  i n d u c e d .  Kiyama 
and Y a n a g i m o t o  ( I 3 ) h a v e  p r o d u c e d  u r e a  f r o m  ammonium c a r b o n a t e  by  t h e  
a p p l i c a t i o n  o f  p r e s s u r e  a t  room t e m p e r a t u r e .  T h i s  r e a c t i o n  i s  e s s e n t i a l l y  
a  d e h y d r a t i o n  r e a c t i o n .  B e n g e l s d o r f  ( l )  h a s  r e p o r t e d  t h e  d e h y d r a t i o n  o f  
a c e t o n e  an d  c y c l o h e x a n o n e  u n d e r  p r e s s u r e s  o f  t h e  o r d e r  o f  50,000  a t m o s p h e r e s .
B.  P h a s e  T r a n s i t i o n s
The s t u d y  o f  p h a s e  t r a n s i t i o n s  w i t h  p r e s s u r e  a l s o  owes much t o  
B r i d g m a n .  I n  n u m e ro u s  p a p e r s  ( 3 ) he  d e s c r i b e s  p h a s e  t r a n s i t i o n s  i n  more  
t h a n  two h u n d r e d  m a t e r i a l s .  A f t e r  B r i d g m a n ,  e x p e r i m e n t a l  w o rk  t o  d e t e r ­
m in e  h i g h  p r e s s u r e  t r a n s i t i o n s  i n  i n o r g a n i c  compounds  was g e n e r a l l y  n o t  
a t t e m p t e d  e x c e p t  i n  c a s e s  w h e re  i t  was s u s p e c t e d  t h a t  B r i d g m a n ' s  w o rk  
n e e d e d  r e c h e c k i n g  due t o  i m p r o v e m e n t s  i n  t e c h n i q u e .  Any new w ork  i n
t h i s  f i e l d  h a s  b e e n  e s s e n t i a l l y  c o n f i n e d  t o  n a t u r a l l y  o c c u r r i n g  m i n e r a l s ,  
a n  a r e a  r e l a t i v e l y  u n t o u c h e d  b y  B r i d g m a n ' s  e x t e n s i v e  w o r k .
C.  E q u a t i o n  o f  S t a t e
K h o u b e s s e r i a n  and S t a g e r  ( 1 2 ) ,  i n  t e s t i n g  t h e  r a n g e  o f  a p p l i -
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c a b i l i t y  o f  W e i r ' s  e q u a t i o n  ( 19) f o r  p l a s t i c s } d e v e l o p e d  a  new e q u a t i o n  
o f  s t a t e  ■
-  AV/Vp = B(TC -  20 )  + (C + D A Tc ) l n  P + E
w h i c h  f i t t e d  t h e i r  d a t a  f o r  v a r i o u s  o r g a n i c  p o l y m e r i c  s u b s t a n c e s .  T h i s  
r e l a t i o n s h i p  was  f o u n d  t o  b e  v a l i d  t o  a  c o n f i d e n c e  l e v e l  o f  n i n e t y - n i n e  
p e r c e n t  up t o  a  p r e s s u r e  o f  2 2 . 6  k i l o b a r s .  T h i s  e q u a t i o n  r e d u c e s  t o
-  AV/V0  = m + n l n  P
f o r  c o n s t a n t  t e m p e r a t u r e s .
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CHAPTER III 
EXPERIMENTAL AND THEORETICAL CONSIDERATIONS
A. Aims a n d  O b j e c t i v e s
T h i s  p r o j e c t  was  v i s u a l i z e d  a s  a  two s t a g e  s t u d y .  The a im s  
f o r  t h e  f i r s t  s t a g e  w e r e :
d e h y d r a t i o n  o f  i n o r g a n i c  compounds  a t  room t e m p e r a t u r e  b y  t h e  a p p l i c a t i o n  
o f  p r e s s u r e ,
d i s c o v e r y  o f  new p h a s e  t r a n s f o r m a t i o n s  i n  h y d r a t e s  b r o u g h t  a b o u t  by 
p r e s s u r e ,  an d
t e s t i n g  o f  t h e  v a l i d i t y  o f  t h e  c o r r e l a t i o n  -AV/V0 = m + n l n  P 
f o r  compounds  s h o w i n g  no  d e h y d r a t i o n  o r  p h a s e  t r a n s f o r m a t i o n s .
The s e c o n d  s t a g e  o f  t h e  p r o j e c t  w i l l  a t t e m p t  t o  d e t e r m i n e  t h e  m e c h a n i s m  
o f  d e h y d r a t i o n  by  c o m p r e s s i o n ,  t h e  s t r u c t u r e  o f  p r e s s u r e  i n d u c e d  p h a s e  
t r a n s f o r m a t i o n s  i n  h y d r a t e s ,  and t h e  r o l e  o f  w a t e r  i n  s u c h  t r a n s i t i o n s .  
D u r i n g  t h e  l a t e r  s t a g e  i t  i s  a l s o  p r o p o s e d  t o  t e s t  t h e  v a l i d i t y  o f  t h e  
c o m p l e t e  e q u a t i o n  o f  s t a t e  ( l 2 )
-AV/V0 = B(TC - 20) + (C + DS Tc) In P + E
B. D e h y d r a t i o n
1 .  D e h y d r a t i o n  i n  a  C o n f i n e d  Space
L e G h a t e H e r ' S p r i n c i p l e  states that a system i n  equilibrium 
when s u b j e c t e d  t o  a  s t r e s s  w i l l  move i n  t h e  d i r e c t i o n  o f  s t r e s s  r e l i e f .  
T h i s  c o n s t i t u t e s  t h e  b a s i s  f o r  d e h y d r a t i o n  s t u d i e s  w i t h  p r e s s u r e .
5
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C o n s i d e r  t h e  g e n e r a l  e q u a t i o n
:M-xHgO  >  M H- xHgO
w h e r e  M’xHgO i s  a n y  h y d r a t e .  L e C h a t e l i e r s  p r i n c i p l e  s t a t e s  t h a t  t h e
ab o v e  c h a n g e  w i l l  be  f a v o u r e d  by  an  i n c r e a s e  i n  p r e s s u r e  i f  i t  r e s u l t s
i n  a  d e c r e a s e  o f  o v e r a l l  v o l u m e .  T h a t  i s  t o  s a y  AV' <  0  w h e r eJ M .
AVW =■ m o l a r  vo lu m e  o f  t h e  a n h y d r o u s  s a l t  + m o l a r  vo lum e o f  w a t e r  o f
M
c r y s t a l l i s a t i o n  -  m o l a r  vol um e o f  t h e  h y d r a t e .
M o l a r  v o lu m e  i s  d e f i n e d  a s  t h e  r a t i o  o f  the m o l e c u l a r  w e i g h t  
a compound and i t s  s p e c i f i c  g r a v i t y .  I n  t h e  c a s e  i n  w h i c h  AV^ '5s» 0 
d e h y d r a t i o n  w i l l  h a v e  t o  be  done i n  a n  a p p a r a t u s  w h i c h  w i l l  l e t  w a t e r  
e s c a p e  from t h e  c o n f i n e d  s p a c e .  An a s s u m p t i o n  t h a t  t h e  m o l a r  vo lum e o f  
a n  a n h y d r o u s  s a l t  i s  a l w a y s  l e s s  t h a n  t h e  m o l a r  vo lum e o f  t h e  h y d r a t e  
u n d e r l i e s  t h e  a b o v e  s t a t e m e n t  h o w e v e r .
B r i d g m a n ' s  ( 4  ) a p p a r a t u s  f o r  d e h y d r a t i o n  o f  gypsum h a d  t o
h a v e  a n  o u t l e t  f o r  e x i t  o f  w a t e r  a s  c a n  be  s e e n , f r o m  t h e  n a t u r e  o f
A V ,M
C a S 0 ^ '2 H g 0  ------- > CaSO^ + 2HgO
V 56 V 56
AV =■ ( 5 6  + 36  -  7 M  = 18
Simil ar c o n s i d e r a t i o n s  p r o m p t e d  K i y a m a  (dehydration of C u S O ^-J HgO ) and
L e v s h i s t s  ( d e h y d r a t i o n  o f  MgSO^'YHgO) t o  p r o v i d e  f o r  w a t e r  o u t l e t s  i n  
t h e i r  e q u i p m e n t .
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CuSO^HgO --- >  CuSO^ + 5H20
V109 v m=9°
AVm = (90  + W  -  109) = 25M
' MgS0u -7H20 ------- >- Mgsou + 7H2o
V 15°  vM= h 5 % =126
a v m = (126  + ^5 -  150) = 21
I n  t h e  design of ap pa ra tus  f o r  t h i s  p r o j e c t  c l e a r a n c e  was  p r o ­
v i d e d  b e t w e e n  t h e  p i s t o n s  an d  t h e  c e l l  w a l l  f o r  t h e  same r e a s o n .
2 .  T h e rm o d y n a m ic s  o f  D e h y d r a t i o n
T h e r m o d y n a m ic s  c a n  be  u s e d  t o  p r e d i c t  t h e  p r e s s u r e  a t  w h i c h  t h e
d e h y d r a t i o n  o f  a  g i v e n  compound w i l l  t a k e  p l a c e .  T h i s  i s  shown a s  f o l l o w s
G = H -  TS
w h e r e  G = G ib b s  f r e e  e n e r g y
H = E n t h a l p y  
: T = T e m p e r a t u r e  
"S = E n t r o p y
dG = dH -  TdS - SdT
dG = dE + PdV + VdP -  TdS -  SdT
a s  H ■= E + PV
w h e r e  E = I n t e r n a l  e n e r g y
P = P r e s s u r e
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V = Volume
f o r  a  s y s t e m  i n  w h i c h  t e m p e r a t u r e  i s  k e p t  c o n s t a n t ,  a s  was  done  i n  t h i s  
s t u d y ,  t h e  a b o v e  e x p r e s s i o n  becomes
dG = dE + PdV + VdP -  TdS
b u t  ' dE = TdS -  PdV
t h e r e f o r e  dG = VdP
E x t e n d i n g  t o  a  s y s t e m  o f  more  t h a n  one co m p o n en t
P2 _
AG = f  AV dP
M
P1
w h e r e  AV^ = m o l a r  vo lum e o f  t h e  a n h y d r o u s  s a l t  + m o l a r  vo lum e o f
w a t e r  o f  c r y s t a l l i s a t i o n  -  m o l a r  v o lum e  o f  t h e  h y d r a t e .  
F o r  an  e q u a t i o n  o f  s t a t e  a  f i r s t  o r d e r  a p p r o x i m a t i o n  c a n  b e  u s e d .
— ■Q
w h e r e  AV = m o l a r  v o lum e  o f  t h e  a n h y d r o u s  s a l t  + m o l a r  vol um e o f  
M
w a t e r  o f  c r y s t a l l i s a t i o n  -  m o l a r  vo lum e o f  t h e  h y d r a t e  
a t  a t m o s p h e r i c  p r e s s u r e ,  
an d  AB = c o m p r e s s i b i l i t y  o f  t h e  a n h y d r o u s  s a l t  + c o m p r e s s i b i l i t y
o f  w a t e r  -  c o m p r e s s i b i l i t y  o f  t h e  h y d r a t e
t h e r e f o r e  P^
AG = AV°m j" (1  -  ABP) dP 
P1
I f  c o m p r e s s i b i l i t i e s  o v e r  t h e  r a n g e  t o  Pg c a n  be a s s u m ed  c o n s t a n t  t h e n
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9AG = AV°m ( P 2 -  P j )  * f  (P22 -  P \ )  ( 1 )
S i n c e  P.  = 1 a t m o s p h e r e  i s  a  n e g l i g i b l e  q u a n t i t y
- o  ABP22
AG = AV M ( P 2 +
— O
I f  one  knows AG, AV ,,  an d  AB t h e n  c a n  be p r e d i c t e d .  I n  m o s t  c a s e s  7 M d
h o w e v e r  t h e s e  q u a n t i t i e s  w e r e  n o t  a v a i l a b l e  and  h e n c e  a n  e x p e r i m e n t a l  
s t u d y  was  u n d e r t a k e n .
L e v s h i s t s  ( 15) r e c o g n i z e d  t h a t  a-AV/V0 v e r s u s  p r e s s u r e  c u r v e s  
f o r  a  h y d r a t e  and t h e  c o r r e s p o n d i n g  a n h y d r o u s  compound a r e  d i f f e r e n t  and 
u s e d  t h e  f a c t  f o r  c o n f i r m i n g  t h e  d e h y d r a t i o n  o f  MgSO^’ YHgO. The same 
f a c t  was u s e d  i n  t h i s  s t u d y  f o r  v e r i f y i n g  d e h y d r a t i o n .  The a l t e r n a t i v e  
o f  t a k i n g  o u t  t h e  s am p le  f r o m  t h e  c e l l  a n d  a n a l y z i n g  i t  c h e m i c a l l y ,  was 
n o t  a d o p t e d ,  a s  i t  w o u l d  h a v e  l e d  t o  c o n t a m i n a t i o n  o f  t h e  compound by 
o i l  f r o m  t h e  c o n s t a n t  t e m p e r a t u r e  b a t h .
C . P h a s e  T r a n s f o r m a t i o n s
P o l y m o r p h i s m  i n  c r y s t a l l i n e  m a t e r i a l s  i s  the r u l e  r a t h e r  t h a n  t h e  
e x c e p t i o n .  The p r o f u s i o n  o f  c r y s t a l  fo r m s  o f  any  one s u b s t a n c e  i s  r e l a t e d  
t o  t h e  s m a l l  d i f f e r e n c e  i n  i n t e r n a l  e n e r g y  b e t w e e n  t h e  fo r m s  an d  i t  i s  
j u s t  b e c a u s e  o f  t h i s  t h a t  p r e s s u r e  h a s  b e e n  u s e d  s o  s u c c e s s f u l l y  i n  i n ­
d u c i n g  p o l y m o r p h i c  c h a n g es ,  pbr t h e  p u r p o s e  o f  t h i s  s t u d y  o n l y  t h e  f i r s t  
o r d e r  p o l y m o r p h i s m  i n v o l v i n g  c h a n g e s  i n  volume was c o n s i d e r e d .  W i t h  t h e  
t y p e  o f  e q u i p m e n t  v i s u a l i z e d  a t t e n t i o n  was f o c u s s e d  on t h e  so  c a l l e d  
r a p i d  t r a n s i t i o n s .  The f o l l o w i n g  t y p e s  o f  t r a n s f o r m a t i o n s  w e r e  e x p e c t e d  
t o  be  e n c o u n t e r e d ;
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1 .  T r a n s f o r m a t i o n s  o f  S e c o n d a r y  C o o r d i n a t i o n ;
a .  D i s p l a c i v e  T r a n s f o r m a t i o n ;
The a to m s  o f  a n y  c r y s t a l  c a n  t h e o r e t i c a l l y  be  d i s p l a c e d  i n  s u c h  
a  way t h a t  t h e  c o n t a c t  b e t w e e n  a to m s  t h a t  may be  s a i d  t o  t o u c h  i s  m a i n ­
t a i n e d  an d  y e t  t h e  s t r u c t u r e  b ec o m e s  d i s t o r t e d  s o  t h a t  n o n c o n t a c t i n g  
a to m s  a r e  d i s p l a c e d  w i t h  r e s p e c t  t o  e a c h  o t h e r .  Such  t r a n s f o r m a t i o n s  
a r e  f o u n d  i n  c r y s t a l s  h a v i n g  a to m s  w i t h  low c o o r d i n a t i o n  n u m b e r s .
b .  R e c o n s t r u c t i v e  T r a n s f o r m a t i o n
I t  i s  p o s s i b l e  t o  d e s t r o y  t h e  c r y s t a l  n e t w o r k  c o m p l e t e l y  and 
r e b u i l d  i t  i n  s u c h  a  way t h a t  a l t h o u g h  t h e  s e c o n d a r y  c o o r d i n a t i o n  i s  n o t  
t h e  sam e ,  t h e  p r i m a r y  i s  i d e n t i c a l .  I t  t h u s  amounts  t o  u n l i n k i n g  and 
re lin k in g , with the re lin k in g  done i n  a  manner t o  preserve t h e  f i r s t  
c o o r d i n a t i o n .  P r e s s u r e  i s  f o u n d  t o  b e  an  e f f e c t i v e  t o o l  i n  s u c h  t r a n s ­
f o r m a t i o n s .  The p r e s e n c e  o f  w a t e r  i n  t h e  m o l e c u l e  and c o n s e q u e n t  
s o l v a t i o n  i s  e x p e c t e d  t o  p r o m o t e  t h i s  r e o r g a n i z a t i o n .
2 .  T r a n s f o r m a t i o n s  o f  F i r s t  C o o r d i n a t i o n
P r e s s u r e  i s  a l s o  known t o  h a v e  c a u s e d  t r a n s f o r m a t i o n s  i n v o l v i n g  
t h e  f i r s t  c o o r d i n a t i o n .  The w e l l  known c a s e  o f  a f a c e  c e n t r e d  c u b i c  ( f e e )  
s t r u c t u r e  (NaCl  t y p e )  c h a n g i n g  t o  a b o d y  c e n t r e d  c u b i c  (bcc) f o r m  ( C s C l ) t y p e )  
i s  a n  e x a m p l e .  The compound KC1 h a s  f e e  c r y s t a l s  a t  room t e m p e r a t u r e  
an d  a t m o s p h e r i c  p r e s s u r e  b u t  a t  a  p r e s s u r e  o f  2 0 . 2  k i l o b a r s  h a s  c r y s t a l s  
t h a t  a r e  b c c .
5 . T r a n s f o r m a t i o n s  o f  Bond Type
T r a n s f o r m a t i o n s  i n v o l v i n g  c h a n g e s  i n  t h e  t y p e  o f  b o n d s  a r e  known.  
E x a m p l e s  a r e  d i a m o n d  t o  g r a p h i t e  and g r e y  t i n  t o  w h i t e  t i n .  The b o n d s  i n  
on e  t y p e  may be  m e t a l l i c  an d  i n  o t h e r s  n o n - m e t a l l i c .
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k .  D e t e c t i o n  o f  F i r s t  O r d e r  P h a s e  T r a n s i t i o n s
The s t u d y  o f  t h e  p h a s e  t r a n s i t i o n s  i n v o l v i n g  v o l u m e t r i c  c h a n g e s  
i s  c o n c o m i t a n t  t o  t h e  s t u d y  o f  c o m p r e s s i b i l i t i e s .  The d i s c o n t i n u i t y  i n  
a  m a t h e m a t i c a l  f u n c t i o n  i s  u s e d  t o  d e t e c t  a  p h a s e  t r a n s i t i o n .  C o n s i d e r i n g  
an y  p r o p e r t y  jt o f  a  m a t e r i a l  i t  i s  known f r o m  t h e r m o d y n a m i c s  t h a t
« “  £ ( ]p; T )
w h e r e  P i s  t h e  p r e s s u r e  and T i s  t h e  t e m p e r a t u r e ,  o r
« = g ( P )
a t  c o n s t a n t  t e m p e r a t u r e .  ' I f  a  p h a s e  i s  c h a r a c t e r i z e d  b y  a  c o n t i n u o u s  
f u n c t i o n ,  t h e n  a  d i s c o n t i n u i t y  i n  t h i s  f u n c t i o n , ' w i t h  r e s p e c t  t o  
t o  p r e s s u r e  w i l l  i n d i c a t e  t h e  a p p e a r a n c e  o f  a  new p h a s e .
I f  it = -AV/Vq = g ( P )
t h e n  a s  s o o n  a s  a  new p h a s e  a p p e a r s ,  -V/VQ v e r s u s  p r e s s u r e  c u r v e  w i l l
s h o w . a  d i s c o n t i n u i t y .
5 ;  P r e d i c t i o n  o f  P r e s s u r e  o f  T r a n s i t i o n
At  t h e  p o i n t  o f  e q u i l i b r i u m  w h e r e  two p h a s e s  c o e x i s t ,  t h e
\
th e r m o d y n a m i c  p o t e n t i a l  i s  e q u a l  when G^ = G^.
e x ( t ,  p )  -  t s 1 ( t ,  p )  + PVX = e 2 ( t ,  p )  -  t s 2 ( t ,  p)  + PVg
Bradley ( 2) argues that at high pressure the entropy terms may be 
n e g l e c t e d  i n  c o m p a r i s o n  w i t h  t h e  r e s t .  T h e r e f o r e
+ PVX ^  Eg + PV2
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■where E-  ^ and  Eg a r e  t h e  i n t e r n a l  e n e r g i e s  f o r  p h a s e  I  an d  I I  r e s p e c t i v e l y ,  
=> m o l a r  v o lu m e  o f  p h a s e  I
Vg = m o l a r  v o lu m e  o f  p h a s e  I I
P i s  t h e  p r e s s u r e  a t  w h i c h  t h e  new p h a s e  a p p e a r s ,
J a c o b s  ( 1 0 )  c a l c u l a t e d  t h e  v a l u e  o f  P f o r  s i m p l e  c r y s t a l s  l i k e  R u b i d iu m
I o d i d e .  The c a l c u l a t e d  p r e s s u r e  d i d  n o t  a g r e e  w i t h  t h e  e x p e r i m e n t a l l y  
d e t e r m i n e d  v a l u e  a l t h o u g h  i t  d i d  p r o v i d e  an  i n s i g h t  i n t o  t h e  p h en o m en o n .  
C o n s i d e r a t i o n s  o f  J a c o b s '  p a p e r  show t h a t  i t  i s  n o t  p o s s i b l e  t o  go b e y o n d  
t h e  s t a g e
P E 2  ~ E 1
V1 “ V2
a s  t h e o r e t i c a l  c a l c u l a t i o n s  o f  i n t e r n a l  e n e r g y  and m o l a r  vo lu m e  i n  t h e  
c a s e  o f  c o m p l e x  m o l e c u l e s j a r e  e x t r e m e l y  d i f f i c u l t .
D.  A C o r r e l a t i o n  f o r  P r e s s u r e - V o l u m e  D a t a
I t  was  e x p e c t e d  t h a t  a  number  o f  h y d r a t e s  w o u ld  h a v e  no t r a n s ­
f o r m a t i o n s .  A number  o f  a n h y d r o u s  compounds  w e re  t o  be  u s e d  f o r  p u r p o s e s  
o f  c o m p a r i s o n .  I t  i s  w e l l  known t h a t  a t  h i g h  p r e s s u r e ,  c o m p r e s s i b i l i t i e s  
o f  v a r i o u s  m a t e r i a l s  t e n d  t o  be  t h e  same , p r o b a b l y  b e c a u s e  a t  h i g h  
p r e s s u r e ,  c o m p r e s s i b i l i t i e s  a p p r o a c h  z e r o .  I t  was i n  v i e w  o f  t h i s  t h a t  
i t  was d e c i d e d  t o  t e s t  t h e  v a l i d i t y  o f  t h e  c o r r e l a t i o n
-AV/Vq = m + n l n  P .
K h o u b e s s e r i a n 1s e q u a t i o n  ( 12)
-AV/Vq = B(Tc. -  2 0 )  + (C + DA T'c ) l n  P
c o u l d  b e  t e s t e d  i f  t e m p e r a t u r e  was  a l s o  v a r i e d .
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CHAPTER IV
DESIGN OF THE PRESSURE CELL
Member
I n n e r  c y l i n d e r  
R i n g  No.  1
R i n g  No.  2 
R i n g  No.  5 
P i s t o n s
I n t e r n a l
D i a m e t e r






T a b l e  I
E x t e r n a l
D i a m e t e r
i n c h e s
1 . 2 5 7
I . 67 I
2 .225
2 . 9 5 7
0.21+9
M a t e r i a l
C a r b o l o y
"55A"
A l c o  S 
R o c k w e l l  C
= 50
C a r b o l o y
" 885"
L e n g t h  






The maximum p r e s s u r e  t h a t  c a n  b e  a t t a i n e d  i n  a  c y l i n d e r  p i s t o n  
t y p e  o f  a s s e m b l y  i s  l i m i t e d  b y  t h e  s t r e n g t h  o f  t h e  p i s t o n .  By t h e  u s e  o f  
a  m u l t i r i n g  s u p p o r t  on  t h e  c y l i n d e r  i t  c a n  be  made t o  w i t h s t a n d  v e r y  h i g h  
p r e s s u r e s .  However  i t  i s  n o t  p o s s i b l e  t o  s t r e n g t h e n  t h e  n e c k  o f  t h e  
p i s t o n ,  t h o u g h  one c a n  r e i n f o r c e  t h e  r e s t  o f  t h e  p i s t o n .  The t e r m  " n e c k  
o f  t h e  p i s t o n "  m ean s  t h e  p o r t i o n  o f  t h e  p i s t o n  a t  i t s  e n t r y  i n t o  t h e  
c y l i n d e r .  T h e s e  p i s t o n s  w e re  made o f  G e n e r a l  E l e c t r i c  C a r b o l o y  g r a d e  
" 885" .  Though  C a r b o l o y  " 885" c a n  w i t h s t a n d  p r e s s u r e s  a s  h i g h  a s  60 k i l o ­
b a r s ,  i t  was  d e c i d e d  n e v e r  t o  s u b j e c t  t h e  m a t e r i a l  t o  m ore  t h a n  a  p r e s s u r e  
o f  h0 k i l o b a r s .  A d e c i s i o n  was  made t o  p r o l o n g  t h e  l i f e  o f  t h e  p i s t o n s ,  
b y  choosing a  w o r k i n g  l i m i t  o f  23 k i l o b a r s .  T h i s  was b a s e d  on an  o b s e r v a t i o n  
o f  C h r i s t i a n s e n  ( 5 ) .
13
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The p r e s s u r e  c e l l  was  t h u s  d e s i g n e d  t o  w i t h s t a n d  a  maximum 
p r e s s u r e  o f  1+0 k i l o b a r s .  T h e r e  i s  no  d i r e c t  m e th o d  o f  c a l c u l a t i n g  t h e  
s u p p o r t  n e e d e d  f o r  d e v e l o p i n g  s u c h  a  p r e s s u r e .  I t  was t h e r e f o r e  d e c i d e d  
on  t h e  b a s i s  o f  e x p e r i e n c e  g a i n e d  b y  K h o u b e s s e r i a n  ( 1 2 )  t o  s t a r t  w i t h  a 
c a r b i d e  c y l i n d e r  o f  t h e  f o l l o w i n g  d i m e n s i o n s :  i n n e r  d i a m e t e r  = 0 .250  
i n c h e s ,  o u t e r  d i a m e t e r  = 1.257  i n c h e s ,  l e n g t h  o f  t h e  c y l i n d e r  = 1.000  . - 
i n c h e s .  The l e n g t h  was c h o s e n  t o  b e  one i n c h  a s  o n e - h a l f  i n c h  s a m p l e s  
w e r e  v i s u a l i z e d  f o r  c o m p r e s s i o n .
The d e s i g n  o f  t h e  c e l l  was b a s e d  on a  p a p e r  by C h r i s t i a n s e n  
( 5  ) .  A t h r e e  r i n g  a s s e m b l y  w i t h  a  r a d i a l  r a t i o  o f  1 . 5 3 0  i n c h e s  was 
s e l e c t e d  w he re
, .  , . R a d i u s  o f  t h e  o u t e r  r i n g .R a d i a l  R a t i o  = - ——--------- 7— :--- ;--------------:----R a d i u s  o f  t h e  i n n e r  r i n g
The f o l l o w i n g  n e g a t i v e  c l e a r a n c e s  b a s e d  on d i a m e t r i c a l  . d e f o r m a t i o n s  w e re  
used f o r  s h r i n k  fits.
R i n g  No.  1 = 0 . 0 0 8  i n c h e s
R in g  No.  2  = 0 . 0 0 k  i n c h e s
R i n g  No.  5 = O . O O h  i n c h e s
W i t h  t h e s e  d i m e n s i o n s  t h e  t h e o r e t i c a l  p r e s s u r e  t o  w h i c h  t h e  c e l l  c o u l d  be  
s u b j e c t e d  was  c a l c u l a t e d  t o  be  1+1 k i l o b a r s  , ( A p p e n d i x  I ) .
Two 0.21+9 i n c h  d i a m e t e r ,  one  i n c h  l o n g  C a r b o l o y  " 883" p i s t o n s
w e re  s e l e c t e d  f o r  t r a n s m i t t i n g  p r e s s u r e s  t o  t h e  s a m p l e s  i n  t h e  c e l l .  A
0 . 5  i n c h  l o n g ,  1 . 0  i n c h  o u t e r  d iame ter  j a c k e t  o f  A l c o S  s t e e l  was p r e s s -  
f i t t e d  on t h e s e  p i s t o n s .  The n e g a t i v e  c l e a r a n c e  f o r  p r e s s u r e  f i t  was
0 .0 0 2  i n c h e s .
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CHAPTER V
EXPERIMENTAL APPARATUS
A. A p p a r a t u s  an d  M a t e r i a l s
The a p p a r a t u s  u s e d  f o r  t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  i s  shown 
i n  F i g u r e s  1 an d  2 .  I t  c o n s i s t e d  o f  t h e  f o l l o w i n g  d i s t i n c t  u n i t s .
' 1 .  The P r e s s u r e  S y s te m
The p r e s s u r e  s y s t e m  c o n s i s t e d  o f  a  200 t o n  " R o d g e r s  H y d r a u l i c  
Ram" i n  w h i c h  t h e  p r e s s u r e  was i n d u c e d  by a  B l a c k  Hawk " E n e r p a c "  h a n d
pump (Model P - 3 9 ) ■
2 .  The P r e s s u r e  M e a s u r i n g  D e v ic e
The o i l  p r e s s u r e  i n  t h e  h y d r a u l i c  ram was m e a s u r e d  w i t h  a t e n  
i n c h  H e i s e  B o u rd o n  Gauge (0  t o  J000  p o u n d s  p e r  s q u a r e  i n c h  r a n g e , 5 p o u n d s  
p e r  s q u a r e  i n c h  g r a d u a t i o n s ) .
3* The D i s p l a c e m e n t  M e a s u r i n g  D e v i c e s
The d e c r e a s e  i n  t h e  l e n g t h  o f  t h e  sam p le  was m e a s u r e d  by n o t i n g  
t h e  d i s p l a c e m e n t  o f  C a r b o l o y  p l a t e n  C ^,  on a  " M e r c e r "  d i a l  i n d i c a t o r  gau g e  
(0  -  0 .5  i n c h  r a n g e , 0 .0001  i n c h  g r a d u a t i o n s ) .
4 .  C o n s t a n t  T e m p e r a t u r e  B a t h
An e l e c t r i c a l l y  h e a t e d  o i l  b a t h  r e g u l a t e d  by a  W in sc o  t h e r m o ­
r e g u l a t o r ,  a c c u r a t e  t o  * 2F°  was u s e d  w h e n e v e r  n e c e s s a r y .
5 .  The H ig h  P r e s s u r e  C y l i n d e r
A r e i n f o r c e d  h o l l o w  C a r b o l o y  c y l i n d e r  was u s e d  f o r  h o l d i n g  t h e
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
P h e n o l i t e  i n s u l a t i o n  D i6C 1 ” t h i c k  
a n d  2 " d i a m e t e r
C a r b o l o y  P l a t e n  Cq , l / 2 "  t h i c k  a n d  2"  
d i a m e t e r
S t e e l  G a s k e t ,  1"  t h i c k  an d  1" d i a m e t e r
I
P i s t o n  P ,  1 ” l o n g  a n d  0 . 2 ^ 9 "  d i a m e t e r
T T
tr
S o f t  s t e e l  g a s k e t  . 0 0 6 " t h i c k  an d  0 . 2 5 0 "  d i a m e t e r  
Sample  □
C e l l ,  f o r  d i m e n s i o n s  s e e  A p p e n d i x  I I
C a r b o l o y  P l a t e n  C j ,  l / 2 "  t h i c k  
a n d  If" d i a m e t e r
C a r b o l o y  P l a t e n  Ci^, l / 2 "  t h i c k  
a n d  k - l / 2 " d i a m e t e r
P h e n o l i t e  i n s u l a t i o n  D i s c  I p ,  





FIGURE 1 .  P r e s s u r e  A s s e m b ly
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D i s p l a c e m e n t
M e a s u r e m e n t
R„ R_ R. c.y Ri r 2 r.
a
R . P .
M . P . :  M a in  P i s t o n  G ^  G£ : G a s k e t s
CV Cg  C3 a idC^:  C a r b o l o y  P l a t e n s  C .C y ;  C a r b o l o y  C y l i n d e r
I n s u l a t i o n  D i s c s  S:  Sample
C a r b o l o y  P i s t o n s  Rp  R2 , R^: s t e e l  R i n g s
R . P . :  Ram P i s t o n
I  I  • x l> 2 '
P .  P •t I ,  f g .
S J g !  S t e e l  J a c k e t s
FIGURE 2 .  S c h e m a t i c  View o f  t h e  H i g h  P r e s s u r e  C e l l
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s a m p l e s  ( s e e  A p p e n d i x  ]) f o r  t h e  s p e c i f i c a t i o n s  o f  C a r b o l o y  an d  A p p e n d i x  
I t  f o r  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  t h e  c e l l ) .
6 . The R e i n f o r c e d  C a r b o l o y  P i s t o n s
Two 0.21+9 i n c h  C a r b o l o y  "883" p i s t o n s  we re  u s e d  f o r  t r a n s m i t t i n g  
p r e s s u r e  t o  t h e  s a m p l e .
7 . Soft Steel Gaskets
C y l i n d r i c a l  d i s c s  ( 0 . 2 5 0  i n c h  d i a m e t e r  and 0 . 0 0 6  i n c h  t h i c k )  
made o f  s o f t  s t e e l  fo r m e d  a  p a r t  o f  t h e  a s s e m b l y  a s  shown i n  F i g u r e  1 .
8 . C a r b o l o y  P l a t e n s
T h r e e  C a r b o l o y  p l a t e n s  Cg,  C^ and C^ w e re  u s e d  f o r  s u p p o r t .
9 .  I n s u l a t i o n  D i s c s
Two P h e n o l i t e  d i s c s ; 1^ an d  1^  w e re  n e e d e d  f o r  t h e r m a l l y  i n ­
s u l a t i n g  t h e  c e l l  f r o m  t h e  h y d r a u l i c  p r e s s .
1 0 .  T e s t  M a t e r i a l s
A l l  c h e m i c a l s  i n v e s t i g a t e d  w e r e  o f  a n a l y t i c a l  g r a d e  and  o b t a i n e d  
f r o m  B r i t i s h  D r u g  H o u s e s  D t d T o r o n t o .
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CHAPTER VI
EXPERIMENTAL PROCEDURE
A. C e l l  C a l i b r a t i o n  f o r  P r e s s u r e
B e c a u s e  o f  t h e  n o n - h y d r o s t a t i c  n a t u r e  o f  t h e  p r e s s u r e  on t h e  
sam ple ,  an d  w a l l  f r i c t i o n ,  t h e  c e l l  h a d  t o  be  c a l i b r a t e d  t o  f i n d  a  r e l a ­
t i o n s h i p  b e t w e e n  t h e  o i l  p r e s s u r e  i n  t h e  h y d r a u l i c  ram an d  t h e  p r e s s u r e  
t o  w h i c h  t h e  s a m p l e  was s u b j e c t e d .  C e r t a i n  m a t e r i a l s  w i t h  known f i r s t  
o r d e r  p h a s e  t r a n s i t i o n s  a t  h i g h  p r e s s u r e  w e re  u s e d  f o r  t h i s  p u r p o s e .  
T h e s e  a r e  i n d i c a t e d  i n  T a b l e  2 .
TABLE : II













I  —  I I  
Bismuth
I I  -  I I I
Thallium
D e c r e a s e  i n  Volume 
B a s e d  on Volume a t  
A t m o s p h e r i c  P r e s s u r e
1 0 . 5 #
1 1 . 0#
5 * 0 #
5 . 0 #
l . O i
P r e s s u r e  i n  K i l o b a r s
2 .5  
1 8 . 0  
I 2 0 .2  
2 5 0  
2 6 .8
5 7 - 0
The calibration curve obtained is shown in Figure 3 . This curve 
was assumed to be correct over the range of temperatures employed in this
study. A reference point was established in the following way:
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100 600200 300 500
L i n e  P r e s s u r e  ( P , S .1  .G.) 
FIGURE 3 . C a l i b r a t i o n  C urve
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A b o u t  0 . 2  gr ams  o f  t h e  c a l i b r a t i o n  m a t e r i a l  p ow de r  was  p l a c e d  
i n  t h e  c l e a n  b o r e  o f  t h e  p r e s s u r e  c e l l .  The powd er  was k e p t  i n  p l a c e  by  
t h e  two C a r b o l o y  p i s t o n s .  Two s o f t  s t e e l  g a s k e t s  w e r e  i n t e r p o s e d  b e t w e e n  
t h e  p ow de r  an d  t h e  p i s t o n s  t o  p r e v e n t  t h e  pow der  f ro m  l e a k i n g .  The 
a s s e m b l e d  c e l l  was p l a c e d  i n  t h e  c o n s t a n t  t e m p e r a t u r e  b a t h  an d  a l l o w e d  
t o  s i t  t h e r e  a t  rJrJ°¥ f o r  a b o u t  30 m i n u t e s .  D u r i n g  t h i s  t i m e  t h e  c e l l  was 
e x p e c t e d  t o  come t o  t h e r m a l  e q u i l i b r i u m .  The p r e s s u r e  on t h e  s a m p le  was 
t h e n  r a i s e d  t o  25 k i l o b a r s  and r e l e a s e d .  T h i s  was r e p e a t e d  3 t i m e s .
The s a m p l e  was  t h e n  c o m p r e s s e d  a n d  a  t r a n s i t i o n  e s t a b l i s h i n g  a  r e f e r e n c e  
p o i n t  was d e t e c t e d  a s  d i s c u s s e d  i n  C h a p t e r  VII u n d e r  d a t a  r e d u c t i o n .
B. B l a n k  C a l i b r a t i o n  f o r  D i s p l a c e m e n t
The d i s p l a c e m e n t  d a t a  o b t a i n e d  b y  t h e  e x p e r i m e n t a l  m e t h o d  h a d  
t o  b e  c o r r e c t e d  t o  t a k e  i n t o  a c c o u n t  t h e  c o m p r e s s i o n  o f  t h e  f o l l o w i n g :  
C a r b o l o y  p l a t e s  C ^,  Cg,  an d  C^; i n s u l a t i o n  d i s c l ] ^ ;  p i s t o n s  an d  P ^ ;  
an d  g a s k e t s .  T h e r e f o r e ,  i n  o r d e r  t o  g e t  t h e  c o m p r e s s i o n  o f  t h e  s a m p l e  
o n l y ,  b l a n k  r u n s  w e r e  made a t  d i f f e r e n t  t e m p e r a t u r e s ,  u s i n g  t h e  c e l l  
a s s e m b l y  a s  shown i n  F i g u r e  2 .  D i s p l a c e m e n t  d a t a  s o  o b t a i n e d  w e r e  t h e n  
s u b t r a c t e d  f r o m  t h e  e x p e r i m e n t a l  r u n s  a t  c o r r e s p o n d i n g  t e m p e r a t u r e s .
I n  t h i s  way t r u e  s a l t  c o m p r e s s i o n  d a t a  w e r e  o b t a i n e d .
C . P r o c e d u r e  f o r  an  E x p e r i m e n t a l  Run
The c e l l  and p i s t o n s  w e r e  c l e a n e d  w i t h  w a t e r  an d a c e t o n e  i n  
turn and then air dried. A gasket was forced into the bore of the cell
w i t h  an  a r b o r  p r e s s  ( s e e  A p p e n d i x  I I I ,  f o r  a  d i a g r a m  o f  t h e  j i g  u s e d ) . 
E nough  pow d er  t o  f o r m  a  0 . 5 p "  l o n g  s a m p l e  was t h e n  p o u r e d  i n t o  t h e  c e l l  
an d  a n o t h e r  g a s k e t  was  f o r c e d  i n t o  i t .  T h e s e  s o f t  s t e e l  g a s k e t s  p r e ­
v e n t e d  t h e  p o w d e r y  m a t e r i a l  f r o m  e s c a p i n g  b e t w e e n  t h e  c e l l  w a l l  an d
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p i s t o n s .  The c e l l  was t h e n  a s s e m b l e d  a s  shown i n  F i g u r e  2 an d  im m e r s e d  
i n  t h e  o i l  b a t h .  T h i s  s y s t e m  i n  t u r n  was p l a c e d  b e t w e e n  t h e  r a m s  o f  t h e  
p r e s s .  Once a g a i n  a t  l e a s t  30 m i n u t e s  w e r e  a l l o w e d  t o  l e t  t h e  s y s t e m  
come t o  t h e r m a l  e q u i l i b r i u m .
The p r e s s u r e  on t h e  ra m  was  r a i s e d  t o  15 p o u n d s  p e r  s q u a r e  i n c h  
an d  r e l e a s e d .  The c e l l  was t a k e n  o u t  and i t s  l e n g t h  m e a s u r e d  i n  o r d e r  
t o  o b t a i n  t h e  s a m p l e  l e n g t h  a t  a t m o s p h e r i c  p r e s s u r e .  T h i s  m e a s u r e m e n t  
was  done w i t h  a  c o m b i n a t i o n  o f  a  h e i g h t  g au g e  and  d i a l  i n d i c a t o r  g a u g e .  
The c e l l  was t h e n  p u t  b a c k  i n t o  i t s  p r e v i o u s  p o s i t i o n  and a l l o w e d  t o  
a t t a i n  t h e r m a l  e q u i l i b r i u m .
The e x p e r i m e n t a l  r e a d i n g s  w e r e  t a k e n  a s  f o l l o w s .  The p r e s s u r e  
on t h e  ram was i n c r e a s e d  i n  i n c r e m e n t s  o f  f i v e  p o u n d s  p e r  s q u a r e  i n c h .
A two m i n u t e  i n t e r v a l  was a l l o w e d  t o  e l a p s e  b e t w e e n  two i n c r e m e n t s .  At  
t h e  end o f  t h e  f i r s t  m i n u t e ,  t h e  d i s p l a c e m e n t  was n o t e d ,  a t  t h e  end o f  
t h e  s e c o n d  m i n u t e ,  t h e  i n d i c a t o r  was a g a i n  r e a d .  I f  t h e r e  was  d i f f e r e n c e  
b e t w e e n  t h e s e  o b s e r v a t i o n s  a  f i r s t  o r d e r  t r a n s i t i o n ;  o r  d e h y d r a t i o n  o f  t h e  
s a l t  was s u s p e c t e d .  I n  e i t h e r  c a s e  t h e  p r e s s u r e  on t h e  B o u rd o n  g au g e  was 
s e e n  t o  f a l l .  I f  s u c h  a  t h i n g  h a p p e n e d , , a t  t h e  end o f  t h e  n e x t  i n c r e m e n t ,  
d u r i n g  t h e  two m i n u t e  i n t e r v a l , ? t h e  p r e s s u r e  was  m a i n t a i n e d  a t  t h e  new 
v a l u e .  I f  no t r a n s i t i o n  o r  d e h y d r a t i o n  was  e n c o u n t e r e d  t h e  p r e s s u r e  was 
r a i s e d  b y  i n c r e m e n t s  u n t i l  t h e  s a m p l e  was  u n d e r  a  s t r e s s  o f  23  k i l o b a r s .  
The p r e s s u r e  was t h e n  r e l e a s e d ,  t h e  c e l l  t a k e n  o u t ,  i t s  l e n g t h  m e a s u r e d  
an d  t h e  w h o l e  p r o c e d u r e  r e p e a t e d .  N o r m a l l y  t h i s  h a d  t o  b e  done a b o u t  
t h r e e  o r  f o u r  t i m e s .  The t h i r d  an d  f o u r t h  r u n  w e r e  f o u n d  t o  b e  i d e n t i ­
c a l  s h o w in g  l a c k  o f  h y s t e r i s  e f f e c t .
I n  c a s e s  w h e r e  p h a s e  t r a n s i t i o n s  o r  d e h y d r a t i o n s  w e re  s u s p e c t e d ,  
t h e  p r e s s u r e  was  i n c r e a s e d  a b o u t  20 pounds p e r  square inch beyond t h e
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v a l u e  w h e r e  c h a n g e  was  f i r s t  s u s p e c t e d  an d  t h e n  r e l e a s e d .  I t  was f o l ­
l ow ed  b y  r e p e t i t i o n  o f  t h e  p r o c e d u r e .  A c h e c k  on t h e  r e v e r s i b i l i t y  of  
t h e  t r a n s i t i o n  was t h e n  m ade .  A f t e r  e s t a b l i s h i n g  t h e  n a t u r e  o f  t h e  
t r a n s i t i o n ,  t h e  s a m p l e  was  s t i l l  s u b j e c t e d  t o  a  maximum p r e s s u r e  o f  23 
k i l o b a r s  two o r  t h r e e  t i m e s  and o b s e r v a t i o n s  r e c o r d e d .  T h i s  p r o c e d u r e  
was  r e p e a t e d  a t  an  i n t e r v a l  o f  5°F  w h e r e v e r  n e e d e d .
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CHAPTER V I I  
REDUCTION OF DATA
A. T r e a t m e n t  o f  D a t a  f o r  D e h y d r a t i o n  and  P h a s e  T r a n s f o r m a t i o n s
The e x a c t  d e t e r m i n a t i o n  o f  p r e s s u r e s  a t  w h i c h  a d e h y d r a t i o n  o r  
a  p h a s e  t r a n s i t i o n  o c c u r s  i s  v e r y  d i f f i c u l t  t o  make i n  t h e  t y p e  o f  
e q u i p m e n t  t h a t  was u s e d  f o r  t h i s  p r o j e c t .  T h e r e  w e re  two i m p o r t a n t  
r e a s o n s  f o r  t h e  v a r i a t i o n s  i n  t h e  d a t a .
1 .  V a r i a t i o n  i n  F r i c t i o n a l  F o r c e s
The f r i c t i o n a l  f o r c e s  b e t w e e n  t h e  w a l l s  o f  t h e  p r e s s u r e  c e l l  
an d  t h e  p i s t o n s  w e re  b o u n d  t o  c h a n g e  from,  r u n  t o  r u n .  T h e r e f o r e  t h e r e  
w e r e  a l w a y s  s l i g h t  v a r i a t i o n s  f r o m  t h e  t r u e  c a l i b r a t i o n s .  As a  c o n s e ­
q u e n c e  t h e  same t r a n s i t i o n  was  o b s e r v e d  a t  s l i g h t l y  d i f f e r e n t  p r e s s u r e s  
o v e r  s e v e r a l  r u n s .  T h i s  e r r o r  was m i n i m i z e d  b y  a v e r a g i n g  d a t a  f r om  
s e v e r a l  r u n s .
2 .  M e t a s t a b i l i t y  and t h e  I n h e r a n t  n e e d  f o r  a  D r i v i n g  F o r c e
The t e n d e n c y  o f  one  p h a s e  t o  c o n t i n u e  a s  a  m e t a s t a b e l  f o r m  i n t o  
t h e  r e g i o n  w h e r e  o n l y  t h e  o t h e r  p h a s e  i s  s t a b l e  u n d e r  t h e  g i v e n  c o n d i t i o n s  
i s  w e l l  known.  S u p e r c o o l i n g  i s  t h e  a n a l o g o u s  t h e r m a l  e x a m p l e .  Thus  a 
h i g h e r  p r e s s u r e  w i l l  h a v e  t o  be  a p p l i e d  b e f o r e  t h e  t r a n s i t i o n s  c a n  p r o c e e d  
a t  a  n o t i c e a b l e  r a t e .  Ke nn edy e t  a l  ( 1 1 )  c l a i m  t h a t  t h e y  a v o i d e d  t h e s e  
d i f f i c u l t i e s  b y  r o t a t i n g  t h e i r  p i s t o n s  a t  t h e  f i r s t  e v i d e n c e  o f  a p p e a r a n c e  
o f  any  t r a n s i t i o n s .  F r i c t i o n  was t h u s  r e l i e v e d  a n d  t h e  m e t a s t a b l e  s t a t e  
d i s t u r b e d .  However  t h e  s l o w  s o l i d  s t a t e  t r a n s i t i o n s  w i l l  p r o c e e d  a t  an
2k
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o b s e r v a b l e  r a t e  o n l y  i f  p r e s s u r e s  i n  e x c e s s  o f  t h e  a c t u a l  e q u i l i b r i u m  
p r e s s u r e s  a r e  a p p l i e d .  As l o n g  a s  t h e  d r i v i n g  f o r c e  i s  s m a l l ,  t h e  r a t e  
o f  a  p r o c e s s  i s  s l o w .  S i n c e  o n l y  two m i n u t e s  we re  a l l o w e d  b e t w e e n  two 
c o n s e c u t i v e  r e a d i n g s  t h e  d e t e c t i o n  o f  an y  d i s c r e p a n c y  b e t w e e n  t h e  f i r s t  
m i n u t e  o b s e r v a t i o n  and t h e  s e c o n d  m i n u t e  o b s e r v a t i o n  was d i f f i c u l t .  
C o n s e q u e n t l y  t h e  r e p o r t e d  t r a n s i t i o n  p r e s s u r e s  w i l l  b e  s l i g h t l y  h i g h e r  
t h a n  t h e  t r u e  p r e s s u r e s .
5 . C r i t e r i a  U s ed  f o r  D e t e c t i o n  of  T r a n s f o r m a t i o n s
The f o l l o w i n g  c r i t e r i a  w e r e  u s e d  f o r  t h e  d e t e c t i o n  o f  t r a n s ­
f o r m a t i o n s  .
( a )  f i r s t  d r i f t  o f  d i s p l a c e m e n t  w i t h  t i m e .
( b )  f i r s t  d e v i a t i o n  f r o m  c o n t i n u i t y  on a  -AV/V0 v s  P g r a p h .
( c )  a p p e a r a n c e  o f  w a t e r  o u t s i d e  t h e  c e l l .
The v a r i a b l e s  u s e d  f o r  p l o t t i n g  g r a p h s  w e r e  -AV/VQ and P ,  w h e re
VQ = v o lu m e  o f  t h e  s a m p l e  a t  1 a t m o s p h e r e ,
AV = v o lu m e  o f  t h e  s am p le  a t  p r e s s u r e  P -  vol um e o f  t h e  s a m p l e  a t
a t m o s p h e r i c  p r e s s u r e ,  and  
P = p r e s s u r e  i n  k i l o b a r s .
S i n c e  t h e  C a r b o l o y  c y l i n d e r  c a n  be  a s s u m e d  t o  be  p e r f e c t l y  r i g i d  f o r  t h e  
p r e s s u r e s  a p p l i e d  i n  t h i s  s t u d y ,  £q an d  A l  c a n  be  u s e d  i n s t e a d  o f  VQ and 
AV0 . I n  c o m p u t i n g  A I ,  b l a n k  c o r r e c t i o n s  w e r e  a p p l i e d  ( a l r e a d y  m e n t i o n e d  
i n  C h a p t e r  V i ) .
B. T r e a t m e n t  o f  D a t a  f o r  P r e s s u r e - V o l u m e  C o r r e l a t i o n
As a  f i r s t  s t e p  i n  e v a l u a t i n g  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  t h e  
t w e l v e  compounds  w h i c h  showed no t r a n s f o r m a t i o n s  t h e  b l a n k  c o r r e c t e d  
d i s p l a c e m e n t  d a t a  was  t r e a t e d  t o  f i n d  t h e i r  f i t  t o  K h o u b e s s e r i a n ' s ( 1 2 )
i 34C43
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r e l a t i o n s h i p  -AV/V0 = m + n l n P . S e v e r a l  r u n s  f o r  t h e  same s a m p l e  
w e r e  t e s t e d  s t a t i s t i c a l l y  and  c o r r e l a t i o n  f a c t o r s  c a l c u l a t e d  ( l 6 ) f o r  
e a c h  r u n .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  r e l a t i o n s h i p  was v a l i d  t o  a t  
l e a s t  a  c o n f i d e n c e  l e v e l  o f  99 p e r c e n t .











A. D e h y d r a t i o n
No Compound
CHAPTER V I I I  
RESULTS
T a b l e  I I I
C r y s t a l  D e h y d r a t i o n  T e m p e r a t u r e  
S t r u c t u r e  P r e s s u r e
l a  Z n S O ^ '7H20 
l b  ZnSO^ *7HgO
Rhombic
Rhombic
1 a t m o s p h e r e  
h . 6  k i l o b a r s
5 5 6 ° f
7 7 ° f
2a  Na2 S t y 7H20 M o n o c l i n i c  1 a t m o s p h e r e 302°F
2b Na SO *7Ho0 M o n o c l i n i c  8 . 9  k i l o b a r s  77°FP C.




3b Zr( SO ^ )  '^ I^O  Rhombic  C o n t i n u o u s  77°F
New
H y d r a t e
S t a t e
ZnSO^
ZnSO, -6 h _04- 2
Na2S°3
h a 2S0 5
Zr(sO ^) HgO
New
C r y s t a l
S t r u c t u r e
Rhombic
M o n o c l i n i c
H e x a g o n a l
H e x a g o n a l
Rem ark s
( 9 )
O b s e r v a b l e  by 
v i s u a l  i n s p e c t i o n  
a n d  f ro m  -AV/Vq 
g r a p h .
( 9 )
W a t e r  w as  o b s e r v e d  
o o z i n g  o u t .  A s u d d e n  
d e c r e a s e  i n  vo lu m e  
was  a l s o  f o u n d  a t  8.9 
k i l o b a r s .  D e h y d r a t i o n  
i s  a p p a r e n t  on -AV/Vq 
c u r v e .
( 9 )
L o s s  o f  w a t e r  i s  c o n ­
t i n u o u s  o v e r  t h e  p r e s ­
s u r e  r a n g e .  -AV/V^ 













ka  ThCl^-8H20  
Ub ThCl^ *8HgO
5a Ca(SCN)2 ^ R 20  
5b Ca(SCN)2 , 1+H20
C r y s t a l  D e h y d r a t i o n  T e m p e r a t u r e  
S t r u c t u r e  P r e s s u r e
1 a t m o s p h e r e  
2 . 2 - h . G  k i l o b a r s
1 a t m o s p h e r e  
0 .5  k i l o b a r s
7 7 ° F
7 7 ° F
New
H y d r a t e
S t a t e
:. New 
C r y s t a l  
S t r u c t u r e
R emarks
V i s u a l  o b s e r v a t i o n  
a s  w e l l  a s  -AV/v
c u r v e . 0
V i s u a l  i n s p e c t i o n  
and  t h e  p r e s s u r e - 
v o lu m e  g r a p h  make 













B. P h a s e  T r a n s f o r m a t i o n s
No Compound C r y s t a l  T r a n s i t i o n
S t r u c t u r e  T e m p e r a t u r e
1 Na So0 -5Ho0 M o n o c l i n i cC. C. p d. 77°F  
85 °F  
90 °F  
95 ° f  
10 0°F  
105°F 
110°F
2 ZnSO^^HgO M o n o c l i n i c
3 ^ ( S O ^ )  ' 8 ^ 0  M o n o c l i n i c










5 Z n S 0 ^ ‘7Hr)0 Rhombic TT°F
T a b l e  IV
T r a n s i t i o n  
„P r e s s u r e  
( k i l o b a r s )
P e r c e n t a g e  
A  £a v /Vq]
1 8 . 5 5
1 8 . 1
17 .7
1 7 . U 






















2 .6  
2 .3  
2 .2  
2 .2  
2 .2
2 .1 1 .0
R em ark s  







T r a n s i t i o n  i s  r e v e r s i b l e
I t
T r a n s i t i o n  i s  r e v e r s i b l e  


















No Compound Crystal Transition
Structure Temperature
6 Z r0C l 2 -8H20 T e t r a g o n a l 77°F
7 B e S O ^ H g O T e t r a g o n a l 77°F
8 k 2 ( m o o ^ ) - 7h2o Unknown 77°f
9 Mg(SCN)2 -tH20 Unknown 7 7 ° F
Transition Percentage 
Pressure V a t t/tt 1
(kilobars) A  LAV/VoJ
Rem ark s
5 . 6  1.6 Transition is reversible
1 0 .3  3 . 1  Transition is reversible
10 . 3 2.8 Transition is reversible
5 . 8  5-9 Transition is reversible
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C. P r e s s u r e  Volume C o r r e l a t i o n
N e i t h e r  d e h y d r a t i o n  n o r  any p h a s e  t r a n s f o r m a t i o n  c o u l d  b e  
f o u n d  i n  t h e  f o l l o w i n g  com pounds  t o  a  p r e s s u r e  o f  2 2 .6  k i l o b a r s  a t  7T°F- 
P V d a t a  o b t a i n e d  a t  7 7 ° ^  was  c o r r e l a t e d  b y  K h o u b e s s e r i a n ' s ( 1 2 )  e x p r e s s i o n
- A V / v o = m + n l n P  
The v a l u e s  f o r  m a n d  n  a r e  g i v e n  b e l o w .
T a b l e  V
Compound
5 K2 S2 ° 5 ’H20
( n h ^ ) 2C d ( s o ^ ) 2 - 6h 2o
B a s e l y )
(NHiv) 2C r ( S 0 I|) 2 ‘ 12H20 




( m h) so2 - 3
p b s 2o 5
ThCl,,
ZnSOi
H y d r a t e s  
C r y s t a l  S t r u c t u r e
M o n o c l i n i c  (5  )
M o n o c l i n i c  (9 )
Rhombic  ( 9  )
C u b i c  ( 9 )
A n h y d r o u s  S a l t s  
H e x a g o n a l  ( 9  ) 
M o n o c l i n i c  (9  ) 
M o n o c l i n i c  ( 9 )
Rhombic  ( 9 ) 
Rhombic  (9  )
A v e r a g e } m 
0.00*4-0 
0 .0 0 2 0  
0 .0 0 2 0  
0 .0030 
0 .0 2 0  




0 .0 1 2 0
0.0070
0.0150
A v e r a g e ; n  
0 .022  
0 .022  
0 .0 1 7  
0 .029  
0 .0 2 6  
0 .022
0 . 0 1 9
0 .0 1 7
0 .0 2 9
0 .0 1 8
0 . 0 1 8
0 .0 3 2
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CHAPTER IX
DISCUSSION OF RESULTS
A. G e n e r a l
When t h i s  s t u d y  was  u n d e r t a k e n  i t  was r e c o g n i z e d  t h a t  t h i s  
w o u l d  b e  t h e  f i r s t  s t e p  t o w a r d s  t h e  s o l u t i o n  o f  c e r t a i n  p r o b l e m s .  How 
d o e s  p r e s s u r e  c a u s e  and  i n i t i a t e  c h e m i c a l  c h a n g e ?  Does a p p l i c a t i o n  o f  
p r e s s u r e  a l w a y s  r e s u l t  i n  new p h a s e s  w i t h  c l o s e r  p a c k i n g  o f  i o n s ,  a to m s  
o r  m o l e c u l e s ?  I s  t h e r e  an  e q u a t i o n  o f  s t a t e  w h i c h  w i l l  p r e d i c t  t h e  
b e h a v i o r  o f  a l l  m a t e r i a l s  a t  h i g h  p r e s s u r e ?  I t  was n e v e r  c o n c e i v e d  
t h a t  t h e  a n s w e r s  w i l l  be  f o r t h c o m i n g  i m m e d i a t e l y .  The o b j e c t i v e  was  t o  
g a i n  more  i n f o r m a t i o n  i n  o r d e r  t o  b e  a b l e  t o  a s k  t h e  q u e s t i o n s  more  p r e ­
c i s e l y .
The o v e r a l l  s t u d y  a t t e m p t s  to*, f i r s t ,  d e h y d r a t e  i n o r g a n i c  
compounds  b y  t h e  ' a p p l i c a t i o n  o f  p r e s s u r e ,  an d  f i n d  t h e  m e c h a n i s m  o f  
d e h y d r a t i o n ’ s e c o n d ,  d i s c o v e r  new p h a s e  t r a n s f o r m a t i o n s  i n  h y d r a t e s  
b r o u g h t  a b o u t  b y  p r e s s u r e ,  a n d  d e t e r m i n e  t h e  r o l e  p l a y e d  by w a t e r  i n  
t h e s e  t r a n s f o r m a t i o n s ;  an d  f i n a l l y  t o  f i t  a  n e w ly  d e v e l o p e d  e q u a t i o n  o f  
s t a t e
-AV/V = B (T C - 2 0 )  + (C + DA Tc ) l n P  + E
t o  h y d r a t e s  e x h i b i t i n g  no  t r a n s f o r m a t i o n s .
T h i s  e q u a t i o n  was  d e v e l o p e d  f o r  p l a s t i c s  an d  h a s  b e e n  f o u n d  t o  
b e  v a l i d  t o  2 2 . 6  k i l o b a r s  an d  2 0 5 ° F .
3 2
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The r e s u l t s  o b t a i n e d  a s  a  c o n s e q u e n c e  o f  t h i s  p r e l i m i n a r y  
s t u d y  a r e  d i s c u s s e d  u n d e r  t h r e e  h e a d i n g s .  D e h y d r a t i o n s ,  P h a s e  T r a n s f o r m a t i o n s  
U nde r  H i g h  P r e s s u r e ,  and C o r r e l a t i o n  o f  P r e s s u r e - V o l u m e  D a t a .
B . D e h y d r a t i o n s
Of t h e  n i n e t e e n  h y d r a t e s  e x a m i n e d  o n l y  f i v e  showed any  d e g r e e  
o f  d e h y d r a t i o n  up t o  a  p r e s s u r e  o f  2 2 . 6  k i l o b a r s  a t  a  t e m p e r a t u r e  o f  7 7 ° F .  
T h e s e  n i n e t e e n  compounds  a r e  l i s t e d  b e l o w  a c c o r d i n g  t o  t h e i r  c r y s t a l  
s t r u c t u r e .
Z r (  SO^g- l fHgO Rhombic (NHU) 2C r(S 0 i4. )2 *12H20 C u b i c
ZnSO^• 7H20 Rhombic BeSQ^’lfH 0 T e t r a g o n a l
MgS205 ' 6H20 Rhombic ZrOCl2 ' 8H20 T e t r a g o n a l
BaSgO -HgO Rhombic T h C l ^ - 8H20 N ot  known
Na2 S0^ - 7H20 M o n o c l i n i c C a ( s C N )2 -irH20 N o t  known
ZnS0^ * 6H20 M o n o c l i n i c k 2 ( m o o ^ ) - 5h 2o N o t  known
T h ( S 0 k ) 2 ’8H2 0 M o n o c l i n i c Mg(SCN)2 ' ^H20 N o t  known
Na2S205 . 5H20 M o n o c l i n i c Ce(NO_) *6ho0 N ot  known
j i y y y a y j M o n o c l i n i c Mn(S0U)2 *6H20 N ot  known
( N % ) 2Co(S0i+) 2 , 6H20 M o n o c l i n i c
Of  t h e  ab o v e  n i n e t e e n  compounds  t h e  f i v e  t h a t  show d e h y d r a t i o n  
a r e :  ZnS0^ ‘7H 0
Nag SO * 7 ^ 0
Z r ( s o O £ *hH20
ThC1^ 8H20 
C a(sC N )2 *UH 0
The d e h y d r a t i o n  o f  t h e  ab ove compounds  i s  d i s c u s s e d  b e l o w .
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1 .  D e h y d r a t i o n  o f  ZnSO^*7 ^ 0
F i g u r e  b shows g r a p h i c a l l y  w h a t  h a p p e n s  t o  ZnSO^'YHgO w^ e n  ■^t  
i s  c o m p r e s s e d .  The compound u n d e r g o e s  a  r e v e r s i b l e  p h a s e  t r a n s i t i o n  a t  
2 . 1  k i l o b a r s .  The r e v e r s i b i l i t y  was  t e s t e d  by  r a i s i n g  t h e  p r e s s u r e  t o
3 .U  k i l o b a r s  an d  r e l e a s i n g  i t  t h r e e  t i m e s .  A t  b .6  k i l o b a r s  t h e  s a l t  
showed d e h y d r a t i o n  a s  c o u l d  be  s e e n  f r o m  t h e  w a t e r  t h a t  o o z e d  o u t  o f  t h e  
c e l l .  T h i s  was a l s o  c l e a r  f r o m  t h e  d i s c o n t i n u i t y  i n  t h e  -AV/VQ c u r v e  a t  
b . 6  k i l o b a r s  and  7 7 ° ^ .  The p r e s s u r e  was  t h e n  r a i s e d  t o  10 k i l o b a r s  and 
r e l e a s e d .  On r e a p p l i c a t i o n  o f  p r e s s u r e  a  r e v e r s i b l e  t r a n s i t i o n  a t  2 . 1  
k i l o b a r s  was d e t e c t e d  b u t  t h e  d i s c o n t i n u i t y  a t  b . 6  k i l o b a r s  c o u l d  n o t  be  
r e p e a t e d .  A n o t h e r  r e v e r s i b l e  t r a n s i t i o n  a t  1 6 . 2  k i l o b a r s  an d  77°F  was 
f o u n d .
F i g u r e  5 shows t h e  b e h a v i o u r  o f  ZnS0^*6H,_,0, t h e  l o w e r  h y d r a t e } 
u n d e r  p r e s s u r e .  T h e r e  i s  one  r e v e r s i b l e  t r a n s i t i o n  a t  2 . 2  k i l o b a r s  and  
a n o t h e r  a t  1 6 . 2  k i l o b a r s .  T h e s e  two f i g u r e s  s u g g e s t  t h a t  b o t h  ZnSO^^HgO 
an d  ZnSO^^HgO h a v e  p h a s e  t r a n s f o r m a t i o n s  w h i c h  j u s t  h a p p e n  t o  o c c u r  a t  
a b o u t  t h e  same p r e s s u r e  2 . 1 - 2 . 2  k i l o b a r s .  A t  b . 6  k i l o b a r s  t h e  h e p t a -  
h y d r a t e  l o s e s  a  m o l e c u l e  o f  w a t e r  an d  t h e n  b e h a v e s  l i k e  t h e  h e x a h y d r a t e . 
T h a t  t h e  d e c r e a s e  i n  v o lu m e  o v e r  t h e  two t r a n s i t i o n s  f o r  t h e  c o n v e r t e d  
h e x a h y d r a t e  and t h e  a c t u a l  h e x a h y d r a t e  d o e s  n o t  a g r e e  i s  u n d e r s t a n d a b l e .  
The d e h y d r a t i o n  p r o b a b l y  i s  n o t  c o m p l e t e  a t  t h e  c e n t r e  o f  t h e  p e l l e t .
T h i s  v i e w  i s  s u p p o r t e d  b y  t h e  f a c t  t h a t  r e p e t i t i o n  of c o m p r e s s i o n  d o e s  
show a t r e n d  t o w a r d s  s u c h  an  a g r e e m e n t .
The s m a l l  s i z e  o f  t h e  s a m p l e  made i t  i m p o s s i b l e  t o  o b t a i n  t h e  
d e g r e e  o f  d e h y d r a t i o n  o f  t h e  s a m p l e  by w e i g h i n g .  A f u r t h e r  c o m p l i c a t i o n  
i n  t h e  same m e t h o d  a r o s e  f r o m  t h e  s e e p a g e  o f  o i l  i n t o  s a m p le  u p o n  d i s -
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m a n t l i n g  o f  t h e  c e l l .  An X - r a y  s t u d y  h o w e v e r  w o u ld  e s t a b l i s h  t h e  n a t u r e  
b e y o n d  d o u b t .  T h i s  i s  t o  b e  t a k e n  up i n  t h e  n e x t  s t a g e  o f  w o rk .
2 .  D e h y d r a t i o n  o f  Nao S 0 _ -7Ho02 5 2
The compound Nao S0 *7Ho0 was f o u n d  t o  l o s e  w a t e r  a t  a  p r e s s u r e
^ 3  ^
o f  8.9 k i l o b a r s .  T h e r e  was  a  s u d d e n  c h a n g e  o f  volume a s  i s  a p p a r e n t  f r o m  
F i g u r e  6 . R e p e a t e d  c o m p r e s s i o n  t o  8.9 k i l o b a r s  seems  t o  y i e l d  a  compound 
whose  c o m p r e s s i o n  b e h a v i o u r  i s  v e r y  s i m i l a r  t o  t h a t  o f  t h e  a n h y d r o u s  s a l t  
a s  c a n  b e  s e e n  f r o m  F i g u r e  6 . Thus  i t  i s  r e a s o n a b l e  t o  as sume t h a t  t h e  
h e p t a - h y d r a t e  c h a n g e s  t o  t h e  a n h y d r o u s  f o r m .
3 . D e h y d r a t i o n  o f  Z r ( S O ^ ) g ‘ lUIgO
Z i r c o n i u m  s u l p h a t e  o c t a h y d r a t e  was n o t  f o u n d  t o  l o s e  w a t e r  a t  
a n y  s p e c i f i c  p r e s s u r e .  The d e h y d r a t i o n  was s e e n  t o  be  c o n t i n u o u s  a s  i s  
c l e a r  f r o m  F i g u r e  7« A s h r i n k a g e  a f t e r  e v e r y  r u n  was a l s o  a p p a r e n t .  I t  
was  n o t  p o s s i b l e  t o  o b t a i n  Z ^ S O ^ ^ ' H ^ O  o r  Z r ( S 0^) 2  s a m p l e s  and h e n c e  i t  
was n o t  p o s s i b l e  t o  s a y  a n y t h i n g  a b o u t  t h e  new s t a t e  o f  t h e  d e h y d r a t e d  
co m p o u n d .
k .  D e h y d r a t i o n  o f  ThCl^ 'SHgO
The s a l t  T h C l ^ ' 8HgO i s  a  l i t t l e  known compound.  Even an 
a c c u r a t e  d e n s i t y  o f  t h e  m a t e r i a l  i s  n o t  known.  D e h y d r a t i o n  s t u d i e s  a t  
e l e v a t e d  t e m p e r a t u r e s  and a t m o s p h e r i c  p r e s s u r e  h a v e  n o t  b e e n  a t t e m p t e d .
The c r y s t a l  s t r u c t u r e  o f  t h e  h y d r a t e  h a s  y e t  t o  be  e x p l a i n e d .
D e h y d r a t i o n  w i t h  p r e s s u r e  p r e s e n t s  some i n t e r e s t i n g  f e a t u r e s .  
W a te r  was  s e e n  t o  e s c a p e  f r o m  t h e  c e l l  i n  t h e  p r e s s u r e  r a n g e  2 . 2 - k .6  k i l o ­
b a r s .  T h i s  c a n  a l s o  be  s e e n  f r o m  t h e  i r r e g u l a r  n a t u r e  o f  t h e  c u r v e s  (f igures 
8 a  and 8b ) .  :, The m o s t  s u r p r i s i n g  t h i n g  h o w e v e r  was t h e  r e p e t i t i o n  o f  t h e  
b e h a v i o u r  i n  t h e  same r a n g e  o v e r  a  num ber  o f  r u n s  f o r  t h e  same s a m p l e .
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FIGURE 7 . Z r ( S 0 i;) 2 , UH20 a t  77 °F
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FIGURE 8a .  ThCl^-SHgO a t  77°F
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1+2
The compound shows a  sm oo th  -AV/Vq c u r v e  b e y o n d  k . 6  k i l o b a r s .  R e p e a t e d  
c o m p r e s s i o n  c h a n g e s  t h e  o c t a h y d r a t e  i n t o  a n  a n h y d r o u s  f o r m  a s  i s  i l l u s ­
t r a t e d  by  t h e  c o m p a r i s o n  o f  c o m p r e s s i o n  c u r v e s  f o r  T h C l^ 'S H  0 c o n v e r t e d
4 2
a n d  a c t u a l  ThC l^  ( F i g u r e s  8a ,  8b ,  8c ,  an d  8d ) .
I n  t h e  a b s e n c e  o f  X - r a y  s t u d i e s  i t  i s  h a r d  t o  s a y  a n y t h i n g  w i t h
c e r t a i n t y  a b o u t  t h e  b e h a v i o u r  o f  ThCl^ 'SH^O i n  t h e  2 .2  t o  K.6  k i l o b a r  r a n g e .  
A h y p o t h e s i s  h o w e v e r  ca n  be  a d v a n c e d .  I t  c a n  b e  a s s u m e d  t h a t  ThCl^ 'SH^O 
u n d e r g o e s  a  t r a n s i t i o n  a t  2 . 2  k i l o b a r s .  The new p h a s e  ( p h a s e  I I )  w h i c h  
e x t e n d s  b e t w e e n  2 .2 -1 + .6  k i l o b a r s  l o s e s  w a t e r .  A t  1+.6 k i l o b a r s  a n o t h e r  
p h a s e  a p p e a r s  i n  w h i c h  w a t e r  i s  h e l d  t i g h t l y .  I f  b o t h  t h e s e  t r a n s i t i o n s  
a r e  r e v e r s i b l e ,  t h e  l o s s  o f  w a t e r  b e t w e e n  2 . 2 - 1+.6 k i l o b a r s  i s  e a s i l y  e x ­
p l a i n e d .  R e p e a t e d  c o m p r e s s i o n  w i l l  e l i m i n a t e  p h a s e  I I  c o m p l e t e l y  an d  t h e  
h y d r a t e  w i l l  b e h a v e  l i k e  T h C l ^ .
5 . D e h y d r a t i o n  o f  C a (S C N )g *l+H^ O
W a t e r  was o b s e r v e d  t o  o o ze  o u t  o f  t h e  c e l l  a t  0 . 5  k i l o b a r s .
The s e c o n d  r u n  on  t h e  same s am p le  d i d  n o t  p r o d u c e  t h e  same r e s u l t .  T h i s
i s  a l s o  c l e a r  f r o m  t h e  c o m p a r i s o n  o f  r u n s  number  1 ,  2 ,  5 ,  a nd  K on F i g u r e
9 .  The s m o o t h n e s s  o f  r u n s  2 , 5 ,  an d  K i n d i c a t e  t h a t  d e h y d r a t i o n  i s  a l m o s t  
c o m p l e t e  a t  t h e  e n d  o f  t h e  f i r s t  c o m p r e s s i o n  t o  2 2 . 6  k i l o b a r s .  The s e c o n d  
an d  t h i r d  r u n s  d i f f e r e d  s l i g h t l y  f r o m  e a c h  o t h e r ,  b u t  t h e  t h i r d  an d  f o u r t h  
d i d  n o t .  T h i s  was  b e c a u s e  b y  t h e  en d  o f  t h e  s e c o n d  r u n  t h e  m a t e r i a l  h a d  
s e t t l e d  i n t o  a  new p a t t e r n .  As i t  was  n o t  p o s s i b l e  t o  o b t a i n  t h e  a n h y ­
d r o u s  f o r m  n o t h i n g  c a n  be s a i d  about the degree of dehydration.
6 . M ec h an i sm  o f  D e h y d r a t i o n
How d o e s  d e h y d r a t i o n  t a k e  p l a c e ?  I n  t h e  a b s e n c e  o f  X - r a y  d i f ­
f r a c t i o n  a n a l y s i s  o f  t h e  m a t e r i a l  u n d e r  p r e s s u r e ,  i t  i s  d i f f i c u l t  t o  make
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a  c l e a r  c u t  s t a t e m e n t  b u t  t h e  f o l l o w i n g  v i e w s  c a n  be  c o n s i d e r e d .
S i n c e  t h e  p r e s s u r e  i s  n o t  h y d r o s t a t i c ,  c o m p r e s s i o n  d o e s  r e s u l t  
i n  g e n e r a t i o n  o f  s h e a r  s t r e s s e s .  S h e a r  s t r e s s e s  c o u l d  c a u s e  a  c o l l a p s e  
o f  t h e  c r y s t a l  l a t t i c e .  Such  c o l l a p s i n g  o f  t h e  c r y s t a l  l a t t i c e  h a s  b e e n  
o b s e r v e d  i n  t e m p e r a t u r e  d e h y d r a t i o n  s t u d i e s  o f  ZnSO^'THgO an d  CuSO^-JH^O 
by  F r o s t  e t  a l  ( 7 ) .  I t  i s  a s s u m e d  t h a t  t h e  c o l l a p s e d  s t a t e  c o r r e s p o n d s  
t o  a n  amorphous s t r u c t u r e .  W a t e r  i n  t h e s e  z e o l i t i c  i n t e r m e d i a t e s  i s  h e l d  
i n  t u n n e l s  an d  c a v i t i e s  o f  t h e  r i g i d  f r a m e  w o r k .  A p p l i c a t i o n  o f  p r e s s u r e  
s h o u l d  t h e r e f o r e  r e s u l t  i n  s q u e e z i n g  o u t  o f  w a t e r  f r o m  t h e s e  t u n n e l s .
Any a c c i d e n t a l  l i b e r a t i o n  o f  w a t e r  f r o m  t h e  e q u i p m e n t  w i l l  c a u s e  n u c l e a t i o n  
an d  g r o w t h  o f  new s t a b l e  c r y s t a l l i n e  f o r m .  I f  by  an y  c h a n c e  t r a c e s  o f  
l o w e r  h y d r a t e  o r  a n h y d r o u s  com pounds  a r e  p r e s e n t ,  t h e  r a t e  o f  n u c l e a t i o n  
w i l l  be  a c c e l e r a t e d  and d e h y d r a t i o n  w i l l  p r o c e e d  a t  a n  o b s e r v a b l e  r a t e .
T h i s  h a s  b e e n  f o u n d  t o  be  t r u e  i n  t h e  c a s e  o f  CaSO^’ SH^O, a s  shown by 
Kiyama ( 1*0 .
The s t r u c t u r e  o f  t h e  i n t e r m e d i a t e  r e s u l t i n g  f r o m  a  c o l l a p s e d  
l a t t i c e  i s  a  m a t t e r  o f  c o n t r o v e r s y  h o w e v e r .  The a m o rp h o u s  z e o l i t i c  m as s  
may be r e a l l y  d i s o r g a n i z e d  o r  i t  m i g h t  c o n s i s t  o f  h i g h l y  d i s p e r s e d  m i c r o ­
c r y s t a l s  o f  a  s i z e  b e l o w  t h e  l i m i t  r e q u i r e d  f o r  X - r a y  d i f f r a c t i o n  a n a l y ­
s i s .
From t h e  t h e r m o d y n a m i c  p o i n t  o f  v i e w  t h e  a c c i d e n t a l  e s c a p e  o f  
w a t e r  i s  e x t r e m e l y  i m p o r t a n t  a s  c a n  b e  s e e n  f r o m  t h e  e q u a t i o n
M X HgO --------> M + X H g O
I n  t h e  c a s e  o f  t h e  f i v e  h y d r a t e s  e x a m i n e d  f o r  t h i s  s t u d y ,  t h e  m o l a r  
v o lu m e  on t h e  r i g h t  h a n d  s i d e  i s  g r e a t e r  t h a n  t h a t  on t h e  l e f t  h a n d  s i d e ,  
an d  h e n c e  h i g h e r  p r e s s u r e  w o u ld  n o t  f a v o u r  t h e  r e a c t i o n  t o  t h e  r i g h t .
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B u t  t h e  e s c a p e  o f  w a t e r  w i l l  s h i f t  t h e  e q u i l i b r i u m  t o  t h e  r i g h t .
Why do some h y d r a t e s  show d e h y d r a t i o n  a t  o r d i n a r y  t e m p e r a t u r e  
a n d  h i g h  p r e s s u r e ,  an d  o t h e r s  do n o t ?  A l o o k  a t  t h e  G i b b s  f r e e  e n e r g y  
f u n c t i o n  G e x p l a i n s  i t .
S i n c e  t h e  h y d r a t e s  e x a m i n e d  f o r  t h i s  s t u d y  a r e  s t a b l e  a t  room 
t e m p e r a t u r e ,  AG f o r  t h e  c h a n g e ,  M-XHgO — v M + XH^O, i s  " >  0 ,  b u t
AG = AV° ( P Q -  P n ) -  AB(P?/S-  P q/ 2 )■ r a  * 27
( e q u a t i o n  ( l )  i n  C h a p t e r  I I I ) ,  a n d  i f  a t  a n y  s t a g e  AB(Pg -  P ^ / 2 )  >  P ^  -P ^  
( a s s u m i n g  AV^ >  0 ,  w h i c h  i t  i s  i n  m o s t  c a s e s ) ,  AG w i l l  c h a n g e  i t s  s i g n  
an d  t h u s  d e h y d r a t i o n  w i l l  p r o c e e d .  I n  m o s t  c a s e s  h o w e v e r  s u c h  a  t h i n g  
w i l l  h a p p e n  i n  vac uum  o r  a t  h i g h  p r e s s u r e s  i f  AB i s  n e g a t i v e .
C. P h a s e  T r a n s f o r m a t i o n s  U n d e r  H ig h  P r e s s u r e
The f o l l o w i n g  h y d r a t e s  showed p h a s e  t r a n s i t i o n s .
Na2S2< y 5 H 20
T h (S0 i^)2 -8H20 
ZnSOij." 7H20
B e S O ^ ^ O
M o n o c l i n i c
M o n o c l i n i c
Rhombic
T e t r a g o n a l
ZnS0^ * 6H20
Mgs2c y 6H20
Z r0C l 2 *8H20
M o n o c l i n i c
Thombic
T e t r a g o n a l
K^MoO^)  *5H20 Unknown 
Mg( SCN) Q•^Hq0 Unknown'2 “2 
1 .  M o n o c l i n i c  S y s t e m s
a .  Sod ium T h i o s u l p h a t e  P e n t a h y d r a t e
M o n o c l i n i c  c r y s t a l s  o f  s o d iu m  t h i o s u l p h a t e  p e r t a h y d r a t e  a r e  
known t o  u n d e r g o  a  p h a s e  t r a n s f o r m a t i o n  a t  118°F a t  a t m o s p h e r i c  p r e s s u r e
NV2°3'5H20 Na2S20 5 -2H20 + 3^ 0.
A reversible phase transition at 18.5 kilobars and 7T°F was found during
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t h i s  s t u d y  ( F i g u r e  1 0 a ) .  The p e r c e n t a g e  A (-AV/V was 2 . 2 .  A t  110°F 
t h e  t r a n s i t i o n  p r e s s u r e  was 1 6 . 0  k i l o b a r s  ( F i g u r e  1 0 b ) .  F i g u r e  10c  and 
T a b l e  IV s u m m ar i ze  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  t r a n s i t i o n  p r e s s u r e .  
The m a t e r i a l  when c o m p r e s s e d  t o  I 9 .3  k i l o b a r s  a t  110°F showed a  v e r y  
s u d d e n  c o n t r a c t i o n .  T h i s  c o n t r a c t i o n  i n v a r i a b l y  damaged t h e  p r e s s u r e  
c e l l ,  and i n  s p i t e  o f  s e v e r a l  a t t e m p t s ,  p r e s s u r e  b e y o n d  19«3 k i l o b a r s  
c o u l d  n o t  b e  a t t a i n e d .  T h i s  c o n t r a c t i o n  c o u l d  be  due t o  one o f  t h e  
f o l l o w i n g  r e a s o n s .
i .  A ppearance  o f  a New Phase
The a p p e a r a n c e  o f  a  new p h a s e  I I I  w i t h  m o l a r  v o lu m e  much 
s m a l l e r  t h a n  t h e  m o l a r  v o lum e  o f  t h e  p h a s e  I I  o f  t h e  p e n t a h y d r a t e , m i g h t  
h a v e  l e d  t o  a  s u d d e n  c o n t r a c t i o n .  Such a  s u d d e n  c o n t r a c t i o n  c o u l d  c a u s e  
damage t o  t h e  c e l l  r e s u l t i n g  i n  l e a k a g e  o f  t h e  m a t e r i a l  i n t o  c r a c k s  so  
f o r m e d .
i i .  D e h y d r a t i o n  o f  t h e  P e n t a h y d r a t e
The p e n ta h y d r a t e  m ig h t  have b een  d eh y d r a ted  t o  e i t h e r  a low er  
h y d r a te  form or an anhydrous form . E sca p e  o f  w a te r  w i l l  c a u se  sudden  
c o n t r a c t i o n  and damage to  th e  c e l l .  The o n ly  way t o  s e t t l e  th e  q u e s t i o n  
w i l l  be an X -r a y  d i f f r a c t i o n  a n a l y s i s .
b . Z inc S u lp h a t e  H exah ydrate
Z i n c  s u l p h a t e  h e x a h y d r a t e  showed two r e v e r s i b l e  t r a n s i t i o n s  
a t  77.°F ( F i g u r e  1 1 ) ,  one a t  2 . 2  k i l o b a r s  and  t h e  o t h e r  a t  1 6 . 2  k i l o b a r s .  
The a v e r a g e  p e r c e n t a g e  A -AV/Vq f o r  t h e  f i r s t  t r a n s i t i o n  was  2 . 5  and 
f o r  t h e  s e c o n d  t r a n s i t i o n  was  3 * 0 .  The c e l l  u s e d  was  n o t  d e s i g n e d  f o r  
h i g h  t e m p e r a t u r e  w o rk  o t h e r w i s e  a  p h a s e  d i a g r a m  w i t h  a p o s s i b l e  t r i p l e  
p o i n t  c o u l d  b e  o b t a i n e d .














P r e s s u r e  ( k i l o b a r s )
FIGURE 1 0 a .  Nao So0 -5Ho0 a t  77° F
d  d  $  d














P r e s s u r e  ( k i l o b a r s )  
FIGURE 1 0 b .  Na_So0 -5Ho0 a t  110°F
d  d  ]) d
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T r a n s i t i o n  P r e s s u r e  ( k i l o b a r s )
FIGURE 1 0 c .  Nao So0 *5Ho0 ,  P h a s e  D ia g r a m
d  d  9 d













4 8 12 16 20 24
P r e s s u r e  ( k i l o b a r s )
FIGURE 1 1 .  ZnS0lv’6H20 a t  77 °F
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c .  T h o r i u m  S u l p h a t e  O c t a h y d r a t e
T h o r i u m  s u l p h a t e  o c t a h y d r a t e  showed a  r e v e r s i b l e  t r a n s i t i o n  a t  
9 . 8  k i l o b a r s  an d  77°F  ( F i g u r e  1 2 ) .  The p e r c e n t a g e  A -AV/Vq was  I . 3 .
2 .  Rhombic  S y s t e m s
a .  M a g n e s iu m  T h i o s u l p h a t e  H e x a h y d r a t e
The compound MgSn0 *6Ho0 was  f o u n d  t o  h a v e  a  r e v e r s i b l e  p h a s e2 3 2
t r a n s i t i o n  a t  7 * 7  k i l o b a r s  an d  77 °F  ( F i g u r e  13a ) .  The p e r c e n t a g e  
A -AV/Vq was 2 . 5 .  The t e m p e r a t u r e - p r e s s u r e  d a t a  f o r  t h i s  t r a n s f o r m a t i o n  
t o  150 °F a r e  g i v e n  i n  F i g u r e  13b an d  T a b l e  IV .
b .  Z i n c  S u l p h a t e  H e p t a h y d r a t e
A r e v e r s i b l e  p h a s e  t r a n s i t i o n  a t  room t e m p e r a t u r e  and 2 . 1  k i l o ­
b a r s  was  d e t e c t e d  ( F i g u r e  l h ) . The p e r c e n t a g e  A -AV/V was l e s s  t h a n
1 . 0 .
3 . T e t r a g o n a l  S y s t e m s
a:. \ Z i r c o n y l  C h l o r i d e  O c t a h y d r a t e  
The s a l t  ZrOClg 'SHgO h a d  a  r e v e r s i b l e  p h a s e  t r a n s i t i o n  a t  7 7 ° ^
a n d  5 - 6  k i l o b a r s  ( F i g u r e  15 ) .  The A -AV/V was  f o u n d  t o  b e  1 . 6  p e r
c e n t .
b .  B e r y l l i u m  S u l p h a t e  T e t r a h y d r a t e
A p h a s e  t r a n s i t i o n  was  f o u n d  a t  7 7 ° ^  anc* 1 0 . 3  k i l o b a r s  ( F i g u r e  
1 6 ) .  The A -AV/Vq was  f o u n d  t o  be  3 .1  p e r c e n t .
k .  Unknown S t r u c t u r e s
a .  Potassium Molybdate Pentahydrate
A r e v e r s i b l e  p h a s e  t r a n s i t i o n  was  shown b y  t h i s  compound a t  
1 0 . 3  k i l o b a r s  a n d  7 7 ° F . The p e r c e n t a g e  A -AV/V ' was  2 . 8  ( F i g u r e  I 7 ) .
b .  M agnes iu m  T h i o c y n a t e  T e t r a h y d r a t e
T h i s  h y d r a t e  h a d  a  r e v e r s i b l e  t r a n s i t i o n  a t  5 - 8  k i l o b a r s  and

















P r e s s u r e  ( k i l o b a r s )  
FIGURE 1 2 .  T h ( S 0 ^ ) 2 *8H20 a t  77° F
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1800
( 1 )  Run a t  77 °F









P r e s s u r e  ( k i l o b a r s )  
FIGURE 1 3 a .  MgS20 5 ' 6 H20

























T r a n s i t i o n  P r e s s u r e  ( k i l o b a r s )
8 953
FIGURE 13b .  MgSgO^•6Hg0,  P h a s e  D i a g r a m













8 16 21*-12 20
P r e s s u r e  ( k i l o b a r s )  
FIGURE ll*-. Z n S 0 i/7H 20 a t  77°F
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P r e s s u r e  ( k i l o b a r s )  
FIGURE 15-  ZrO Cl2 *8H20 a t  77 °F
u n i v e r s i t y  o f  m e s s ; ?  imm
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P r e s s u r e  ( k i l o b a r s )
FIGURE 1 6 .  BeSOj *1+H20 a t  77 °F














P r e s s u r e  ( k i l o b a r s )  
FIGURE 1 7 .  ^ ( M o O ^ ) ' 5 H 20 a t  77 °F
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7 7 ° F .  The c h a n g e  i n  -AV/Vq was  f o u n d  t o  be 5*9 p e r c e n t  ( F i g u r e  1 8 ) .
5 .  M ec h an i sm  o f  P h a s e  T r a n s f o r m a t i o n s  an d  S t r u c t u r e  o f  New P h a s e s
What  a r e  t h e s e  new p h a s e s  an d  w h a t  i s  t h e  r o l e  p l a y e d  b y  w a t e r
i n  t h e s e  p h a s e  t r a n s f o r m a t i o n .  T h i s  s t u d y  d o e s  n o t  p r o v i d e  t h e  a n s w e r s .
The v e r y  c o m p l e x i t y  o f  t h e  s t r u c t u r e s  i s  s t a g g e r i n g .
So f a r  i t  h a s  b e e n  a s s u m e d  t h a t  p r e s s u r e  w i l l  r e s u l t  i n  l a t t i c e s  
t h a t  a r e  more  c l o s e l y  p a c k e d .  A d i l a t a t i o n a l  m e c h a n i s m  i n v o l v i n g  c h a n g e s  
f r o m  f a c e  c e n t r e d  c u b i c  t o  b o d y  c e n t r e d  c u b i c  h a s  b e e n  u s e d  t o  e x p l a i n  
t h e  2 0 . 2  k i l o b a r  t r a n s i t i o n  i n  KCl ( I 7 ) -
The m o n o c l i n i c  s y s t e m s  ZnS0^-6 H g0 ,  T h ( S 0 ^ ) g - 8 H 20 ,  NagSgO^• 5H20 , 
r h o m b i c  s y s t e m s  KgS ^ 0  6B.^), Z n S O ^ ^ H g O ,  t e t r a g o n a l  s y s t e m s  BeSO^'^HgO,
Z r O C l g ’SHgO h a v e  an d  t h e  unknown K^M oO ^)  • 5Hg0 an d  M g^ CN^'^+H ^O  p r e ­
s u m a b l y  h a v e  s t r u c t u r e s  w h i c h  c a n  e x i s t  i n  more  t h a n  one c o n f i g u r a t i o n .
B u t  i n  t h e  a b s e n c e  o f  X - r a y  a n a l y s i s  i t  i s  n o t  p o s s i b l e  t o  s a y  t h a t  t h e s e
t r a n s i t i o n s  i n v o l v e d  o n l y  c h a n g e s  o f  t h e  t y p e ,  open  c o n f i g u r a t i o n  ------- >
c l o s e d  c o n f i g u r a t i o n  w i t h i n  t h e  same s y s t e m .
C o u l d  s o l v a t i o n  b y  t h e  so  c a l l e d  w a t e r  o f  c r y s t a l l i z a t i o n  p l a y  
a  p a r t ?  I t  i s  p o s s i b l e  t h a t  u n d e r  p r e s s u r e ,  w a t e r  m i g h t  s l i p  f r o m  t h e  
c r y s t a l  l a t t i c e ,  s o l v a t e  t h e  r e s t  a n d  t h u s  p r o v i d e  t h e  m o b i l i t y  n e e d e d  
f o r  r e a r r a n g e m e n t .  The q u e s t i o n ,  w h a t  a r e  t h e s e  new a r r a n g e m e n t s ,  s t i l l  
r e m a i n s  t o  b e  a n s w e r e d .  F u t u r e  w o r k  i n  t h i s  f i e l d  c a n  b e  c a r r i e d  on t o  
v e r i f y  i d e a s  a b o u t  s o l v a t i o n  an d  f i n d  t h e s e  r e a r r a n g e m e n t s .
D. C o r r e l a t i o n  o f  P r e s s u r e - V o l u m e  D a ta
K h o u b e s s e r i a n  ( 12) d e v e l o p e d  a n  e q u a t i o n  o f  s t a t e  f o r  p l a s t i c s  
i n  a  r a n g e  o f  2 2 . 6  k i l o b a r s  a n d  2 0 5 ° F .  T h i s  e q u a t i o n
-AV/Vq = B (T C - 20)  + (C + DA T j l n P  + E














P r e s s u r e  ( k i l o b a r s )
I
FIGURE 1 8 .  Mg(SCN)2 -UH20 a t  77°F
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r e d u c e s  t o
-AV/V m  + nlnPo
a t  c o n s t a n t  t e m p e r a t u r e ,  t h u s  p r o v i d i n g  a n  e x p r e s s i o n  f o r  c o r r e l a t i n g  
p r e s s u r e - v o l u m e  d a t a .  I t  was one o f  t h e  a im s  o f  t h i s  p r o j e c t  t o  t e s t  
t h e  v a l i d i t y  o f  t h i s  e q u a t i o n  f o r  t h o s e  compounds  w h i c h  d i d  n o t  show
f i v e  s a l t s  e x a m i n e d  f e l l  i n t o  t h i s  c a t e g o r y .  These c o n s i s t e d  o f  s i x  
a n h y d r o u s  s a l t s  u s e d  t o  com pare  t h e  b e h a v i o u r  o f  p r e s s u r e  d e h y d r a t e d  
compounds  an d  s i x  h y d r a t e s .  The t w e l v e  compounds  w e r e
t e m p e r a t u r e s  i t  was t h e r e f o r e  n o t  p o s s i b l e  t o  t e s t  t h e  f i t  o f  P - V - T  d a t a  
t o  t h e  e q u a t i o n  o f  s t a t e .  However  t h e  P-V d a t a  o b t a i n e d  a t  7 7 ° ^  w e r e  
f i t t e d  t o
-AV/Vq = m + n l n P  
S t a t i s t i c a l l y  t h e  f i t  was  f o u n d  t o  b e r y  good  a s  i n d i c a t e d  i n  
F i g u r e s  1 9 ,  2 0 ,  2 1 ,  2 2 ,  2 3 , 2 k , a n d  2 5 .  ' The c o n f i d e n c e  l e v e l  o f  t h e
f i t  was a b o v e  99 p e r c e n t ,  and the c o r r e l a t i o n  c o e f f i c i e n t s  in any case 
d i d  n o t  go b e l o w  0 . 9 0 .  The f i t  i n  t h e  l o w e r  r a n g e  o f  p r e s s u r e  i n v o l v e d  
l e a v i n g  2 o r  3 p o i n t s  o u t  o f  t h e  p r o p o s e d  l i n e .  T h i s  was  e x p e c t e d  h o w e v e r  
b e c a u s e  f r i c t i o n a l  f o r c e s  a t  t h e  c y l i n d e r  w a l l s  w e re  s i g n i f i c a n t  i n  t h i s  
r e g i o n ,  an d  t h e r e f o r e  a c c u r a t e  m e a s u r e m e n t  o f  c e l l  p r e s s u r e  i n  t h i s  r a n g e
a b r u p t  d i s c o n t i n u i t i e s  i n  t h e i r  -AV/v^ -  P c u r v e s .  Tw e lve  o u t  o f  t w e n t y -
( N % ) 2M n ( S 0 ^ ) 2 -6H20
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The p r e s s u r e  c e l l  was  n o t  d e s i g n e d  t o  w i t h s t a n d  h i g h e r
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FIGURE 1 9 .  C o m p r e s s i o n  D i a g r a m  f o r  Nao So0 ,  a n d  PbSo0 ,  a t  770F
d d 5
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FIGURE 2 0 .  C o m p r e s s i o n  D ia g r a m  f o r  (NH^) ^ O ^ ,  3K2S20 5 *H20 ,
an d  BaSo0 *Ho0 a t  77° F  2 3 2
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FIGURE 2 1 .  C o m p r e s s i o n  D i a g r a m  f o r  Nao S0 a t  7T°F
^ 5
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FIGURE 2 2 .  C o m p r e s s i o n  D ia g r a m  f o r  ZnSO^ a t  77 °F
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FIGURE 2 5 . C o m p r e s s i o n  D ia g r a m  f o r  T h C l^  a t  77° F
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FIGURE 2 t o  C o m p r e s s i o n  D i a g r a m  f o r  (NH^) C r ( S 0 ^ ) 2 ‘ 12H 0 ,
(NHlj.)2Co(S0l1.)2 -6H20 and (NH^) 2Mn( sCfy) g • 6 ^ 0  at 77°F
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FIGURE 2 5 .  C o m p r e s s i o n  D ia g r a m  f o r  Ce(N0_,) *6h _0 a t  77°F
P 5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
71
was n o t  p o s s i b l e .  S i n c e  i n  c o m p u t i n g  t h e  s t r a i g h t  l i n e  c o n s t a n t s ,  26 
e x p e r i m e n t a l  p o i n t s  w e r e  u s e d ,  t h e  e f f e c t  o f  2 o r  3 s l i g h t l y  i n a c c u r a t e  
p o i n t s  a t  t h e  low p r e s s u r e  end  was  c o n s i d e r e d  n e g l i g i b l e .
The f a c t  t h a t  a n  e x p r e s s i o n  d e v e l o p e d  f o r  p l a s t i c s  w i l l  f i t  
t h e  d a t a  f o r  i n o r g a n i c  h y d r a t e s  and  a n h y d r o u s  compounds  o f  d i v e r s e  
c r y s t a l  s t r u c t u r e  i s  s u r p r i s i n g .  However  i t  s u p p o r t s  t h e  h y p o t h e s i s  
t h a t  b e y o n d  a  c e r t a i n  p r e s s u r e ,  c o m p r e s s i b i l i t i e s  o f  a l l  m a t e r i a l s  w i l l  
b e  s i m i l a r .  T h i s  may b e  due p o s s i b l y  t o  a n  e q u i v a l e n c e  o f  v a n  d e r  Waal  
f o r c e s  i n  a l l  s u b s t a n c e s  b e y o n d  a  c e r t a i n  p r e s s u r e .
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CHAPTER X
CONCLUSIONS
C o m p r e s s i o n  w i t h o u t  t h e  u s e  o f  d e l i b e r a t e  s h e a r  a c t i o n  h a s  
b e e n  f o u n d  e f f e c t i v e  i n  d e h y d r a t i n g  Z nS O ^^H gO ,  Na^SO^*7HgO, Z r ^ O ^ g - ^ H g O ,  
ThCl^-BHgO,  and Ca(SCN)2 -i+H20 .:
A h y p o t h e s i s  t h a t  p r e s s u r e  c a u s e s  d e s t r u c t i o n  o f  h y d r a t e  l a t ­
t i c e s  l e a d i n g  t o  t h e  f o r m a t i o n  o f  an  a m o rp h o u s  z e o l i t i c  m a s s  h a s  b e e n  
p r o p o s e d .  I t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  so  c a l l e d  w a t e r  o f  c r y s t a l l i z a t i o n  
i s  h e l d  i n  t h e  c a v i t i e s  an d  t u n n e l s  o f  t h i s  n o n - c r y s t a l l i n e  m a ss  and 
d e h y d r a t i o n  i s  e f f e c t e d  b y  t h e  s q u e e z e  a c t i o n  o f  p r e s s u r e .  T h i s  i s  i n  
l i n e  w i t h  F r o s t ' s  ( 7 ) h y p o t h e s i s  a b o u t  t e m p e r a t u r e  d e h y d r a t i o n .
Ten  new r e v e r s i b l e  p h a s e  t r a n s i t i o n s  i n  n i n e  h y d r a t e s  h a v e  b e e n
d i s c o v e r e d  a t  room t e m p e r a t u r e .  I n  a d d i t i o n  t h e r e  a r e  i n d i c a t i o n s  o f
two new p r e s s u r e  i n d u c e d  p h a s e  c h a n g e s  i n  ThCl^ 'SHgO a t  2 .2  an d  k . 6
k i l o b a r s .  T h e r e  i s  e v i d e n c e  o f  a n  i r r e v e r s i b l e  t r a n s i t i o n  i n  Nao So0 , * 5 H o02 d p *-
a t  110°F an d  1 9 - 3  k i l o b a r s .  A l s o  a  p o s s i b i l i t y  o f  a  t r i p l e  p o i n t  i n  
ZnS0^ ’6H20 h a s  a r i s e n .
A m e c h a n i s m  f o r  p h a s e  t r a n s i t i o n s  h a s  b e e n  p r o p o s e d .  W a te r  
d i s l o c a t e d  u n d e r  p r e s s u r e  i s  t h o u g h t  t o  s o l v a t e  t h e  compound t h u s  p r o -  
v i d d i n g  t h e  m o b i l i t y  n e e d e d  f o r  r e a r r a n g e m e n t  i n t o  a  new p h a s e .
P r e s s u r e  and v o lu m e  d a t a  f o r  s i x  h y d r a t e s  and s i x  a n h y d r o u s  
s a l t s  w e re  c o r r e l a t e d  by  an  e x p r e s s i o n
72
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-AV/Vq = m + n l n P  
t h u s  c o m p l e t i n g  t h e  f i r s t  s t a g e  o f  t e s t i n g  t h e  v a l i d i t y  o f  an  
o f  s t a t e  d e v e l o p e d  f o r  p l a s t i c s  u n d e r  h i g h  p r e s s u r e .
e q u a t i o n
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CHAPTER XI 
SCOPE OF WORK IN FUTURE
As a r e s u l t  o f  work done f o r  t h i s  p r o j e c t  th e  f o l l o w i n g  
g u i d e l i n e s  can  be l a i d  down f o r  f u t u r e  w ork.
C o n s t r u c t i o n  o f  a p r e s s u r e  c e l l  c a p a b le  o f  w i t h s t a n d i n g  a 
te m p e r a tu r e  o f  a t  l e a s t  ^ 0 0 ° F .
Use o f  an a i r  th e r m o s t a t e  i n s t e a d  o f  a c o n s t a n t  te m p era tu re  
o i l  b a t h ,  i n  o rd er  t o  a v o id  c o n ta m in a t io n  o f  th e  sam ple on d i s m a n t l i n g  
th e  c e l l .
Drawing o f  p r e s s u r e - t e m p e r a t u r e  d iagram s f o r  th e  r e v e r s i b l e  
p h a se  t r a n s f o r m a t i o n s  and d e h y d r a t io n s  d i s c o v e r e d  i n  t h i s  s t u d y .
C o m p le t io n  o f  th e  sec o n d  s t a g e  o f  t e s t i n g  o f  K h o u b e s s e r ia n ' s 
e q u a t io n  o f  s t a t e .  T h is  w i l l  i n v o l v e  o b t a i n i n g  P V and T d a ta  fo r  th e  
tw e lv e  compounds i n v e s t i g a t e d  d u r in g  t h i s  s t u d y .
D evelopm en t o f  a p r e s s u r e  c e l l  w i t h  a window t r a n s p a r e n t  to  
X - r a y s .  A c e l l  l i k e  t h i s  can  be u se d  i n  d e t e r m in in g  th e  r o l e  o f  amorphous 
i n t e r m e d i a t e s  i n  p r e s s u r e  d e h y d r a t io n  o f  i n o r g a n i c  compounds. X -r a y  
a n a l y s i s  w i l l  a l s o  h e lp  i n  d e te r m in in g  th e  s t r u c t u r e  o f  p r e s s u r e  in d u ced  
p h a s e s  and a i d  i n  u n d e r s ta n d in g  th e  s o l v a t i n g  r o l e  o f  w a te r  in  t h e s e  
t r a n s i t i o n s
7h
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APPENDIX I
SPECIFICATIONS FOR GENERAL ELECTRIC "CARBOLOY"
Grade 55A 883
Use C e l l  C y l in d e r C e l l  P i s t o n s
C h em ica l C o m p o s i t io n s  ('_$ by w e ig h t ) wc 87 .0 wc 91+.0
c G 13.0 c Q 6 .0
H ard ness  (R o c k w e l l  A) 88 .3 9 2 .0
D e n s i t y  (g m /c c ) Ilf. 20 li t .  95
T r a n s v e r s e  R upture S t r e n g t h  ( p s i ) 328,000 220,000
U lt im a t e  S t r e n g t h  i n  C o m p ress io n  ( p s i ) 530,000 6 1 b ,000
U lt im a t e  S t r e n g t h  i n  T e n s io n  ( p s i ) 210,000 205,000
E l a s t i c  l i m i t  i n  C o m p ress io n  ( p s i ) 78,000 286,000
E l a s t i c  l i m i t  i n  T e n s io n  ( p s i ) 88,000 200,000
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APPENDIX I I
DESIGN CALCULATIONS FOR THE PRESSURE CELL
S i n c e  t h e  m o d u l u s  o f  e l a s t i c i t y  o f  t u n g s t e n  c a r b i d e  i s  much 
g r e a t e r  t h a n  t h a t  o f  s t e e l ,  t h e  c a r b i d e  c y l i n d e r  c a n  b e  a s s u m e d  t o  be  a  
c o m p l e t e l y  r i g i d  b o d y  f o r  c a l c u l a t i o n  p u r p o s e s .
S e e l y  an d  S m i t h  ( 1 8 )  d e s c r i b e  a  m e t h o d  o f  c a l c u l a t i n g  t h e  
op t imum  d i m e n s i o n s  o f  e x t e r n a l  s u p p o r t  r i n g s .  I f  d^  i g  t h e  o u t e r  d i a m e t e r
o f  t h e  c a r b i d e  c y l i n d e r  an d  d ^ ,  dg  and d^  a r e  t h e  o u t e r  d i a m e t e r s  o f  t h e
2 ^
s t e e l  r i n g s  t h e n  d^  = md^,  d g = m anc* = w^ e r e  m = a  c o n s t a n t
1 . 3 3 .  T h e r e f o r e  w i t h  dQ = I . 257 , d L = I . 671" ,  d g = 2 . 223" ,  an d  d5 = 2 . 957 " 
C h r i s t i a n s e n  e t  a l  ( 5 ) u s e d  t h e  f o l l o w i n g  e x p r e s s i o n
p i ( f >  ■ ”
P T - f + 1
(-§5—) - 1
m + 1
f o r  c a l c u l a t i n g  t h e  i n t e r n a l  p r e s s u r e  o f  an y  r i n g .  The s y m b o l s  a r e  
d e f i n e d  a s  p i  = i n t e r n a l  p r e s s u r e  on an y  r i n g  
f  = r i n g  number
Ij.
0 = maximum t a n g e n t i a l  s t r e s s ,  15 x  10 p s i  f o r
bA l c o  S s t e e l  an d  *4-2.5 x  10 p s i  f o r  C a r b o l o y  55A.
m = 1 . 3 3
T = t o t a l  number  o f  r i n g s ,  3 i n  t h i s  c a s e  
The ab o v e  f o r m u l a  g i v e s  t h e  i n t e r n a l  p r e s s u r e  on t h e  i n n e r m o s t  r i n g
76
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(labelled ring 1) as p^, = I6 .278O x lO^psi
This also is t h e  E x t e r n a l  s u p p o r t  on  t h e  c a r b i d e  c y l i n d e r .  F o r  c a l c u l a t i n g  
the pressure that could be developed safely inside the Carboloy cylinder, 
Lame and Clapeyram's (6) equation
(b2 - a2) + 2b2 Po
i 2 , 2a + b
can be employed. In this expression
b = outer diameter of the Carboloy cylinder 
! a = inner diameter of the Carboloy cylinder
PQ = extermal pressure on the Carboloy cylinder
A
P^ = internal pressure on the first ring
The safe pressure for the cell is 111 kilobars. The equations given 
below were used for calculating the diametrical deformations.




(1  -  n ) )
m + 1
2 T-f+1 2 T-f, 2 2 , 2m N1 + m -  m ( -p ------- )
m + 1
+ ( 1  + p) m
_ 2 T-f+1 _ 2 T-f
( - I s — ) - ( - J * - )2 . m + 1
where = internal diametrical deformation of any ring f
a = inside diameter of the ring
E = modulus of elasticity, 30 x 10^ for Alco S steel
p, = Poisson's ratio, 0.28.
For external diametrical deformation1.
SUM
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w h e r e  = e x t e r n a l  d i a m e t r i c a l  d e f o r m a t i o n  o f  an y  r i n g  f
b  = e x t e r n a l  d i a m e t e r  o f  an y  r i n g  f .
The f o l l o w i n g  i n t e r n a l  an d  e x t e r n a l  d e f o r m a t i o n s  w e r e  o b t a i n e d .
I
TABLE VI
R i n g  No I n t e r n a l  D i a m e t r i c a l  E x t e r n a l  D i a m e t r i c a l
D e f o r m a t i o n  D e f o r m a t i o n
I  0 . 0 0 8  0.001+5
I I  0 . 0 0 8 8  0 . 0 0 7 7
I I I  0 . 0 1 1 9  n o t  n e e d e d
I n t e r f e r e n c e  ( o r  n e g a t i v e  c l e a r a n c e )  f o r  an y  r i n g  f  i s  d e f i n e d  a s  
i n t e r n a l  d e f o r m a t i o n  o f  f i n g  f  -  e x t e r n a l  d e f o r m a t i o n  o f  r i n g  f  -  1 .
B a s e d  on  t h i s  d e f i n i t i o n ,  t h e  n e g a t i v e  c l e a r a n c e s  a r e  g i v e n  i n  t h e  f o l ­
l o w i n g  t a b l e .
TABLE V I I
R i n g  No Interference or Negative Clearance
I  0 . 0 0 8
I I  0.001*
I I I  0.001+
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With these negative clearances the cell members have the dimensions as 














1 . 2 ^ 9 "
I . 667"
2 .957"
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A r b o r  ram
Drum
F o r c e  f i t t e d  carbide
p u s h e r
G a s k e t
C e l l
A r b o r  b a s e
FIGURE 26 . A r b o r  P r e s s  J i g
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APPENDIX IV 
EXPERIMENTAL DATA
The o r i g i n a l  e x p e r i m e n t a l  d a t a  i s  a v a i l a b l e  on c o m p u t e r  c a r d s  
f r o m  t h e  D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  W i n d s o r ,  
W i n d s o r ,  O n t a r i o ,
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